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Abstract
T his thesis  is concerned w ith  the  form ation, characterisa tion  and  application of 
doped surface layers in  hydrogenated am orphous silicon, a-Si:H.
In  th is  study, a-Si:H films have been deposited using  a p lasm a enhanced  chemical 
vapour deposition (PECVD) system  and  have been doped using ion im plan tation . In  order 
to determ ine the  efficiency of im p lan ta tion  doping various ion species, ion doses, and ion 
energies w ere m ade by direct im p lan ta tion  of im purities a t  low energies.
Coupled w ith  th e  annealing  effect, th e  effect of doping on dam age recovery h as  been 
studied. I t  h as  been shown th a t  there  is a  good recovery of dam age w ith  annealing  
tem pera tu re , the  optim um  being = 250°C. In  addition, it  w as found th a t  th e  sequence of 
p repara tion  steps can affect the  electrical properties of the  doped sam ples.
E lectrical properties of the  doped surface layers have been determ ined  from 
current-voltage m easurem ents. This technique is based on th e  m etal-sem iconductor 
Schottky b a rr ie r  as a  characterisa tion  tool w ith  the  aim  of re la ting  th e  cu rren t passing  
through  a Schottky b a rrie r  to the  to ta l electrical activity in  a  surface layer. This is 
necessary  due to th e  fact th a t  the  surface layer is very  shallow, typically <150 A deep, and 
th a t  th ere  is a  sm all num ber of free carriers p resen t in  the  layer.
I t  h as  been shown th a t  the  effective b a rrie r  heigh t of Schottky diodes on a-Si:H can 
be varied  over a  wide range using  ion im plan ta tion  of the  common dopants. For sm all 
changes in  b a rrie r  height, dam age effects are  negligible and  dopan t activity  is high, 
leading to m inim al changes in  ideality  factor and  leakage curren t.
S heet resistance  m easurem ents of the  am orphous silicide layers w ere m ade. I t  has 
been shown th a t  a  th in  am orphous silicide can be formed by ion im plan ta tion  v ia  a 
rad ia tion  enhanced m echanism  using  low tem p era tu re  processing.
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C h a p t e r  1
I n t r o d u c t i o n
D uring the  p as t decade hydrogenated am orphous silicon (a-Si:H) h as  been used in  
m any h igh perform ance devices such as th in-film  solar cells and  large a re a  optoelectronic 
devices. Its  scientific a ttrac tions include an  adjustable energy band  gap, an  efficient 
photoconductivity, as well as a  usable  lifetim e and  diffusion length. The effective band gap 
can be engineered over a spectrum  of w avelengths th rough  control of th e  hydrogen content 
of th e  a-Si:H or by alloying w ith  elem ents such as nitrogen or carbon. A nother key point is 
th a t  a-Si:H can be doped w ith  n-type or p-type dopants ju s t  like its  crystalline silicon (c-Si) 
counter part. These properties m ake a-Si:H a su itab le  candidate for application to active 
devices such as th in  film  transisto rs .
From  a practical point of view, th e  form ation of a doped surface layer on a 
sem iconductor is very  in te resting  and  crucial. This is because the  electrical properties of 
th is surface layer determ ine the  po ten tia l d istribu tion  and electric field in  the  surface 
region of the  semiconductor. I t  is therefore possible to control the  behaviour of several 
im portan t devices which rely  on such properties a t  the  surface region of th e  semiconductor. 
For example, the  surface layer can be used to a lte r  the  b a rrie r he igh t of a  Schottky diode. 
As will be discussed, th e  th ickness of the  surface layer w hen applied to a  Schottky b a rrie r  
is fundam entally  lim ited  by the  requ irem en t th a t  i t  m ust be fully depleted. In  1974, it  h as  
been shown by Shannon [1] th a t  w hen considering a b a rrie r form ed on a shallow  surface 
layer in  a  sem iconductor, w hen the  doping is different from th a t  of th e  substra te , the  
heigh t of the  Schottky b a rrie r  m ay be m odified by the  properties of th e  surface layer. If, for 
example, the  surface layer is m ore heavily  doped th a n  the  su b s tra te  and  th e  surface field 
increased to such a ex ten t th a t  carriers are  able to tunnel th rough  th e  ba rrier, th e  b a rrie r  
he igh t can effectively be reduced w ith  m inim al degradation of the  reverse  characteristics. 
On the  o ther hand , if  th e  surface layer is provided w ith  a  dopant of th e  opposite type to 
th a t  in  th e  substra te , th e  effective b a rr ie r  he igh t can be increased [1], Therefore, i t  is
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possible to m ake use of the  surface layer to control the  effective h e ig h t of a  Schottky 
b a rrie r w hile m ain ta in ing  the  o ther characteristics of the  diode. The doping of a  shallow 
layer is m uch m ore difficult to control th a n  w ith  s tan d ard  layers, and  provides challenges 
w hen a ttem p ting  to dope w ith  the  precision requ ired  for good device uniform ity.
The doping of a  surface layer in  a-Si:H can be done by several techniques, such as 
diffusion, ion im plan ta tion  or the  addition of dopant gases during  deposition. Of these, ion 
im plan ta tion  as a technique for doping surface layers in  a-Si:H is p articu la rly  useful in  
fabrication of large a rea  electronics and  will be investigated  by th is  research  work.
Ion im plan ta tion  offers a  num ber of advantages over diffusion for doping 
sem iconductor to produce low im purity  concentrations or th in  layers. I ts  precise control 
over the  num ber of ions (i.e., th e  dose or fluence in  un its  of ions cm'2) w ith in  a specific 
region enables ion-im planted layers to be formed w ith  well-defined doping profiles and 
physical properties. The excellent control coupled w ith  the  spa tia l selectivity in h eren t in  
th is  technique m akes i t  a  very  su itab le  process for doping very shallow  layers. In  addition, 
the  ease of in troducing dopants a t  lower processing tem pera tu re  is often a  dom inant 
consideration in  Very Large Scale Integration (VLSI) technology. O ther advantages of the  
ion im plan ta tion  process include processing speed, m ass separa tion  for h igh purity , 
accuracy over a  wide range of doses and flexibility of profile depth.
One m ain  d isadvantage of ion im plan tation , however, is the  dam age induced into 
the  sem iconductor during  the  process. This ion-induced-disorder resu ltin g  from the  
stopping of the  energetic ions can lead to strong  degradation of the  electrical properties of 
the  m ateria l. In  order to achieve adequate  electrical activation of the  im plan ted  atom s and 
carrier mobility, i t  is im portan t to rem ove th e  im plan ta tion  dam age. For th is  reason, an  
ion im plan ta tion  step  in  single crystal silicon is followed by one or m ore annealing  
trea tm en ts  to restore  its  electrical properties. The am ount of dam age in troduced into the  
m ateria l depends on th e  effects of a  wide range of variables. These variab les include the  
m ass of the  ion, its  chemical n a tu re , ion energy, the  dose, the  ion flux (cu rren t density), 
and  th e  su b stra te  tem p era tu re  during  th e  im plantation.
Therefore, i t  becomes ap p aren t th a t  the  fu tu re  viability  of well-controlled devices 
w ith  well defined characteristics requ ires an  understand ing  of the  role of each of these 
variables and  th e ir  im pact on device perform ance.
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Knowledge of the  effect th a t  ion-im plantation-related-dam age h as  on the  electrical 
properties of the  doped surface layers in  a-Si:H under various conditions enables its  
optim um  electrical characteristics to be ascertained. In  order to carry  out electrical 
analysis of the  surface layers in  a-Si:H, a technique based on a su itab le  choice of device has 
been used as an  assessm ent tool. This is because direct electrical m easu rem en t of surface 
layers cannot be achieved since the  surface density  of active im purities in  a  surface layer is 
so sm all (<1013 cm-2) th a t  i t  lim its the  electrical characterising  techniques to very few. The 
surface layers, by definition, a re  for th e  large proportion fully depleted a t zero bias and 
th e ir  properties are therefore inaccessible by s tan d ard  m easurem ent techniques. Thus, i t  
is necessary  to im plem ent a m edium , by w hich th e  electrical properties of the  surface layer 
in  a-Si:H can be evaluated. As the  layers are  depleted, the  tra n sp o rt properties such as 
m obility of carriers cannot be obtained nor can resistiv ities, b u t w hen using  Schottky 
b a rrie r  control i t  is the  space charge th a t  m a tte rs  and it is p lausible to use the  Schottky 
b a rrie r  itse lf  to assess the  dam age effect. In  principle, the  po ten tia l b a rrie r  provided by 
directly  im planted  surface layers onto th e  Schottky b a rrier can be used as a  m eans for 
analysing  these  surface layers. The Schottky b a rrie r  is a fundam en ta l device th a t  arises 
from the  contact betw een a m eta l and  a semiconductor. W hile th e  details of Schottky 
b a rrie r  form ation on a-Si:H are  not yet fully understood, changes in  th e  cu rren t density- 
applied voltage (J-V) characteristics reflect the  effects of trapp ing  centres, generation/ 
recom bination centres and  active dopants which m ake the  Schottky b a rr ie r  a viable tool, 
w hereby the  changes observed in  the  J-V  characteristic  can be used as a m easure of the  
electrical properties and is the  subject of th is  research.
M any m etals are  know n to reac t w ith  silicon to form silicides. Ion im plan ta tion  of 
various ions into a-Si:H using  low energy (10 or 15 keV) prior to deposition of the  top m etal 
overlay or th rough the  m eta l into th e  layer of a-Si:H using h igh energy (150 keV), followed 
by annealing, can lead to the  form ation of a  continuous buried am orphous silicide layer. In  
th is  study  we investigate the  effect of ion dam age on silicide form ation and  dem onstrate its  
po ten tial in  low tem p era tu re  processing.
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1.2 Organisation of This Thesis
This thesis, en titled  “M odification of M etal Contacts to H ydrogenated Am orphous 
Silicon By Ion bom bardm ent”, is concerned w ith  a study  of the  form ation, application and 
characterisa tion  of shallow, doped layers a t  th e  surface of a-Si:H. In  addition, the  effect of 
ion bom bardm ent on the  form ation of a  silicide is studied. O ur research  in te re s t is directed 
tow ards an  u n d e rs ta n d in g  of th e  dam age an d  doping effects in  various surface layers in  
a-Si:H. U sing ion im plan ta tion  as a  doping technique, the  effects of a  wide range of 
im p lan ta tion  p aram eters  are  investigated .
Following an  in itia l chap ter on th e  background to th is  work, chap ter 2 provides a 
review of the  lite ra tu re  p e rtin en t to th is  study, w ith  th e  firs t p a rt  focused m ain ly  on some 
of the  generally  accepted descriptions of th e  properties of am orphous silicon. The second 
pa rt, is aim ed a t  review ing of the  m eta l sem iconductor Schottky b a rrie r  on both  crystalline 
silicon and  am orphous silicon. The concepts of shallow  doping and b a rrie r  control a re  also 
given in  the  context of crystalline silicon. The final p a rt  concentrates en tirely  on silicide 
form ation, along w ith  the  characteristics of the  m eta l sem iconductor Schottky b a rrie rs  on 
am orphous silicon (a-Si).
In  th is  work, ion im plan ta tion  is used  to form doped surface layers in  a-Si:H 
th rough  direct im p lan ta tion  a t  low energies. Surface layers formed using  these m ethods 
can th en  be applied to th e  Schottky b a rr ie r  system s so as to modify the  cu rren t and  vice 
versa, the  electrical characteristic  of th e  Schottky b a rrie r  can be used to characterise  the  
im plan ted  surface layers. Section 3 of chap ter 2 covers the  aspect of ion im plan tation . Ion 
distribu tions in  the  ta rg e t and  the  re la ted  dam age density  can be calculated from 
com puter sim ulations, of w hich TRIM  (The T R ansport of Ions in  M atter) is th e  m ost 
commonly used. A section on the  TRIM  program  h as  been included in  th is  chapter.
C hap ter 3 on experim ental techniques is concerned w ith  a  description of the  
experim ental details of th is  study, along w ith  th e  deposition technique and  sam ple 
p reparation . The m ethods used to investigate  the  effects of ion bom bardm ent and  doping 
such as four-point probe m easurem ent, current-voltage m easurem ent, ta lystep  and  
Rutherford  B ackscattering  Spectrom etry  (RBS) w ill also be described.
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In  w hat follows, electrical assessm en t of various surface layers formed under 
various conditions are  p resented , analysed and  discussed. The respective topics are  each 
consigned to ind iv idual chapters, viz., chapters 4, 5 and 6. T hroughout, th e  physical 
in te rp re ta tion  and  application of the  resu lts  a re  highlighted, thereby  provide useful 
insights into u nders tand ing  th e  properties of m etal/a-Si:H  in terfaces by ion bom bardm ent. 
C onsideration is given to ways th a t  changes in  the  electrical p roperties of Schottky 
barriers  m igh t be used  for assessm ent. A t the  end of each chapter, conclusions draw n from 
the  resu lts  are  presented.
In  chap ter 4, we will be p resen ting  the  resu lts  of recovery of ion dam age in  a-Si:H 
Schottky diodes using  in e rt ion, chemical ion im plan tation  and im plan ta tion  th rough  the  
m etal contact of the  Schottky diodes. This w ork involved the  investigation  of th e  optim um  
annealing  tem p era tu re  and dose (related  to D isplacem ents P er Atom; DPA) used to 
fabricate Schottky diodes w ith  nearly  ideal characteristic  w ithou t any  degradation 
introduced by ion bom bardm ent.
As discussed earlier, m easurem ents of th e  cu rren t flowing th rough  the  Schottky 
b a rrie r  can be used to assess th e  electrical activity of surface layers. By vary ing  the  dose of 
the  surface layer, the  b a rrie r  he igh t of the  Schottky b a rrie r diode can  be varied. The 
b a rrie r  he igh t can be engineered over a  significant range w ith  varia tion  in  the  dose of the  
surface layer by m eans of dopant im plan tation . This in te resting  fea tu re  is reported  in  the  
firs t four sections of chap ter 5. The subsequen t sections p resen t the  electrical activities of 
the  common dopants which w ere experim entally  investigated  using  th e  J-V  m easurem ent 
technique. C hap ter 6 h ighlights th e  form ation of am orphous silicides by im plan ta tion  of 
various ions th a t  m ight be used  to produce m etallic conducting silicides a t  low 
tem pera tu res so as to im prove the  properties of devices needed for Large A rea Electronics 
(LAE). We will be looking a t silicides form ed by both direct im p lan ta tion  and recoil 
im plan ta tion  on th e  a-Si:H. The final chap ter sum m aries the  conclusions d raw n from th is 
work and also outlines the  p lan  for fu rth e r w ork in  th is area.
Appendices A and  B have been added to provide a lis t of th e  symbols and physical 
constan ts used in  th is  thesis. Correction factor for four-point probe m easu rem en t is given 
in  A ppendix C. Finally, a  publications and  p resen tations lis t is p resen ted  in  A ppendix D.
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Chapter 2  
Literature Review
The discovery th a t  a-Si:H can be doped has  given a new  im petus to the  field of 
optoelectronic devices and  spaw ned a new field; th a t  of large-area electronics. In  p a rticu la r 
the  developm ent of large-area  am orphous sem iconductors th a t  can be deposited onto low 
cost sub s tra te s  a t  low tem pera tu res h as  m ade a h igh im pact in  the  rap id ly  growing field of 
displays. To m ake th e  m ost use of th is  technology it  is necessary for us to u n d ers tan d  the  
fundam enta l physical processes and  p repare  ourselves w ith  sufficient background in  
physics and  m athem atics so as to digest, appreciate and apply these  m ateria ls  in  an  
optim um  way.
This chap ter is divided into four m ain  sections. The firs t section is devoted to a 
description of an  am orphous sem iconductor such as a-Si:H. The second section 
concentrates on the  device physics of Schottky b a rrie rs  on both crystalline silicon (c-Si) and 
am orphous silicon (a-Si). Also, a  b rie f description of silicides form ation in  a-Si:H is given. 
The th ird  section p resen ts  an  overview of ion im plan ta tion  and the  la s t section is m ainly  
devoted to th e  TRIM sim ulation program  used  in  th is  research  work.
2.1 B a s ic  A s p e c ts  o f  A m o rp h o u s  S ilic o n
The key fea tu re  which d istinguishes a-Si from c-Si is the  d isorder of the  atom ic 
s tructu re . The periodicity of the  atom ic s tru c tu re  is im portan t in  th e  theory  of crystalline 
sem iconductors. However, for an  am orphous sem iconductor a  d ifferent theoretical 
approach is needed because its  atom ic s tru c tu re  is no t ordered. In stead , th e  description of 
the  atom ic s tru c tu re  in  an  am orphous sem iconductor is developed from  th e  chemical 
bonding betw een atom s, w hich em phasises the  sho rt range bonding in terac tions ra th e r  
th a n  the  long range order. The corresponding electronic properties which resu lt from  the  
features of the  atom ic s tru c tu re  are  outlined in  table 2.1 [2].
6 Literature Review
Table 2.1 Structure and electronic properties of amorphous silicon [2]
S t r u c tu r e  E le c tro n ic  p r o p e r t ie s
Bonding disorder B and tails, localisation and  scattering
S tru c tu ra l defects E lectronic s ta tes  in  th e  band  gap
A lternative bonding configurations E lectronically induced m etastab le  s ta tes
The d isorder in  the  atom ic s tru c tu re  leads to varia tions in  th e  bond lengths and 
bond angles. This disorder broadens the  electron d istribu tion  of s ta te s  and causes electron 
and  hole localisation as well as strong  sca ttering  of carriers. S tru c tu ra l defects such as 
broken bonds have corresponding electronic s ta tes  th a t  lie in  the  band  gap. The possibility 
of a lte rna tive  bonding configurations for each atom  creates su b s tan tia l in teraction  
betw een the  electronic s ta te s  and  s tru c tu ra l s ta tes  defects w hich th en  leads to the  
phenom enon of m etastab ility .
2.1.1 A to m ic  S t r u c tu r e
Am orphous silicon (a-Si) has  a  sim ilar sho rt range order to crysta lline  m ateria l bu t 
lacks long range order. As shown in  figure 2.1, the  firs t few n ea re s t neighbour distances 
can be d istinguished , b u t the  correlation betw een atom  pa irs  is d im inished after a  few 
in teratom ic spacings. Therefore, am orphous and  crystal m ateria ls  have some sim ilar 
properties because of the  sam e sho rt range order. A rea l crystal contains defects such as 
vacancies, in te rs titia ls  and  dislocations. Likewise, am orphous m ateria l m ay also contain 
defects. However, the  definition of a  defect has  to be modified. Any atom  which is out of 
place in  a  crysta l is a  defect. The only specific s tru c tu ra l featu re  of a  random  netw ork is 
the  coordination of an  atom  to its  neighbour. T hus the  e lem entary  defect in  an  am orphous 
sem iconductor is th e  coordination, w hen an  atom  has  too m any or too few bonds as 
illu s tra ted  in  figure 2.2. The ability  of th e  disordered netw ork to a d a p t to any atom ic 
coordination allows an  isolated  coordination defect, which is no t possible in  a  crystal.
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P a ir  se p a ra t io n  R / R a y
F i g u r e  2 .1  Atom p a ir  d istribu tion  functions for a  crystalline and  an  am orphous solids. 
Am orphous m ateria l h as  a  sho rt range order sim ilar to the  crystalline m ateria l b u t lacks 
long range order [2].
C ry sta l A m orp h ou s m a te r ia l
6 -ii
— ( f t ) ------- ( f t ) - - V a c a n c y  — ( f t ) —
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In te rsit ia l
F ig u re  2.2 Defects in  crystalline and am orphous semiconductors. In  a  crystal the  point 
defects are  vacancies and in te rs titia ls  w hereas in  am orphous m ate ria l they  are  due to 
differences in  th e  coordination [2].
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2.1.2 Band Structure and Band Tails
The general consensus of opinion is th a t  th e  basic fea tu res of th e  band  structu re , 
such as th e  w id th  of the  forbidden gap, is determ ined p rim arily  by th e  short-range order, 
th a t  is, by th e  rela tive positions of n ea re s t neighbours in  the  solid. Since these  positions 
are sim ilar in  am orphous and  crystalline solids, th e  broad fea tu res are  preserved on 
tran s itio n  from crystalline to am orphous s truc tu re . The disappearance of m edium  and 
long-range order does influence the  detailed  shape of the  band  s tru c tu re , as i t  causes 
“b lu rring” of th e  edges of the  conduction and  valence band as well as giving rise  to a 
d istribu tion  of localised levels, som etim es referred  to as ta il s ta te s  in  th e  forbidden gap as 
shown in  figure 2.3.
The th ree  prim e fea tu res of th e  s tru c tu re  of the  am orphous sem iconductor are  the  
short range order of the  netw ork, the  long range disorder and the  coordination defects. The 
ab ru p t band  edges of a  crystal are  replaced by a broadened ta il of s ta te s  extending into the  
forbidden gap, which orig inates from the  deviations of bond leng th  and  bond angle arising  
from the  long range s tru c tu ra l disorder. The band ta ils  are m ost im p o rtan t in  spite  of th e ir  
relatively  sm all concentration. This is because electronic tra n sp o rt occurs a t th e  band 
edges. E lectronic s ta tes  w ith in  the  band  gap arise  from departu res from  the  ideal netw ork, 
such as coordination defects. These defects determ ine m any electronic properties by 
controlling trapp ing  and recom bination. The electronic s tru c tu re  of an  am orphous 
sem iconductor comprises the  bands, the  band  ta ils  and  the defect s ta te s  in  th e  gap.
2.1.3 E le c tro n ic  S t r u c tu r e
In  figure 2.4, the  electronic band  s truc tu re  of an  am orphous sem iconductor is 
shown. The energy of the  m obility edge w ith in  the  band  depends on th e  degree of disorder 
b u t is typically 0.1 to 0.5 eV from  the  band  edge in  all am orphous sem iconductors. There 
have been no am orphous sem iconductors m ade w ith  a  Ferm i energy w ith in  the  extended 
sta tes  beyond the  m obility edge. The Ferm i energy of doped a-Si:H moves in to  band  tails, 
b u t is never closer th a n  about 0.1 eV from  th e  m obility edge.
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F ig u re  2.3 D ensity of s ta tes  d istribu tion  for undoped am orphous silicon. The 
am orphous silicon valence band and  conduction band have band ta ils  as com pared w ith  
crystalline silicon which has  a  sha rp  valence band and conduction band  edge (in dotted 
lines) [2].
F ig u re  2.4 D ensity  of s ta tes  d istribu tion  n ea r the  band edge for an  am orphous 
semiconductor, showing the  localised and  extended sta tes  separa ted  by the  m obility edge 
[2].
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Therefore, th ere  is no m etallic-like conduction, b u t in stead  th e re  a re  several o ther 
possible conduction m echanism s, which are  illu s tra ted  in  figure 2.5.
F ig u re  2.5 The th ree  m ain  conduction m echanism s expected in  a-Si:H  [2].
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i Extended s ta te  conduction
The conduction of carriers from EF to above th e  m obility edge is by therm al 
activation which follows th e  relationship:
The three main conduction mechanisms are:
oext=(J0eexp ~(E c ~E f )
kT
(2.1)
w here cr e is the  average conductivity above th e  m obility edge.
ii B and ta il conduction
A lthough carrie rs  cannot conduct in  localised s ta tes  a t zero tem pera tu re , 
conduction by hopping from site  to site  is possible a t elevated tem pera tu res. Hopping 
conduction in  band  ta il is given by [2]:
= <*«exP
~ (E ct- E f ) (2.2)
kT
w here E CT is the  average energy of the  band  ta il conduction path . The prefactor cr0t 
depends on both the  density  of s ta te s  and  the  overlap of the  w avefunction and  it  is sm aller 
th a n  ct06. On the  o ther hand , E CT is closer to Ep th a n  E c, so the  exponential term  offsets the
sm aller prefactor, p articu la rly  a t low tem pera tu res.
iii Hopping conduction a t  th e  Ferm i energy
Conduction a t  th e  F erm i energy occurs w hen the  density  of s ta tes  is large enough 
for significant tunnelling  of electrons to occur. The conductivity is sm all b u t w eakly 
tem pera tu re-dependen t and  consequently th is  m echanism  tends to dom inate a t  the  lowest 
tem pera tu re . The s ta te s  a t  EF u sually  originate from  defects and  so conductivity varies 
g rea tly  w ith  defect density . F or exam ple, the  addition  of hydrogen to a-Si reduces the  
defect density  and  alm ost com pletely suppresses th e  Ferm i energy hopping conduction.
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2.1.4 Defect States
Electronic defects reduce the  photosensitivity , suppress doping and  im pair the  
device perform ance of a-Si:H. The rem ain ing  defects in  a-Si:H control m any electronic 
properties and  are  involved in  th e  substitu tional doping process. The defect reactions 
cause m etastab ility . The th ree  general properties of defects are :
(i) A d istribu tion  of electronic energy levels of different charge sta tes . Those defects 
w ith  s ta tes  w ith in  the  band  gap are  of th e  g rea test in te res t w hen in te rp re tin g  the 
electronic properties because of th e ir  roles as tra p s  and recom bination centres.
(ii) The bonding defect in  the  atom ic s tru c tu re  which determ ines th e  electronic sta tes.
(iii) The defect reaction which describes how the  defect density  depends on the  growth 
and on the  trea tm en t after growth.
The defect pool model concept w as proposed by Sm ith  and W agner in  1989 [3], i t  
helps to explain the  electronic density  of s ta tes  in  a-Si devices. Following th e  paper by 
Powell et al. in  1989 [4], the  creation of defect s ta te  by bias s tressing  a-Si thin-film  
tran s is to r has  shown th a t  th is  pool of defects does exist in  a-Si:H. The general idea is th a t  
there  is a  large pool of defects existing in  am orphous silicon. These defects are  am photeric 
silicon dangling bonds. These po ten tia l defect sites have a d istribu tion  of energies, due to 
the  varia tions in  local bonding environm ents. The dangling bonds are  formed 
preferen tia lly  a t sites which m inim ise th e ir  form ation energies. A t elevated tem pera tu res 
of above 150°C, an  equilibrium  exists betw een th e  dangling bonds and  th e  pool of po ten tia l 
defects. A t room tem p era tu re  the  dangling bond distribu tion  is frozen in to  the  lattice. New 
dangling bond can be created by bias s tressing  or light soaking, b u t the  rem oval of 
dangling bonds does not occur a t  significant ra te . F igure 2.6 illu s tra te s  one proposal for 
the  microscopic m echanism  [5]. I t  was proposed by S tree t in  1988 th a t  a significant factor 
in  the  dangling bond form ation process is the  dispersive diffusion of hydrogen [6].
The defect pool model predicts th a t  the  energy position and density  of dangling 
bonds in  equilibrated  m ateria l depend on th e  Ferm i energy position du ring  equilibration. 
I f  th e  Ferm i energy is n ea r the  conduction band  th en  the  dangling bonds will be formed
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deep in  the  gap, close to the  valence band. I f  the  Ferm i energy is n e a r  th e  valence band 
then  the  dangling bonds will be formed a t h igher energy levels, close to th e  conduction 
band.
F ig u re  2.6 Models proposed to explain the  light-induced defect creation, in  which the  
broken Si-Si bond is stab ilised  by hydrogen m otion [5]. Note th a t  db is th e  silicon dangling 
bond.
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2.1.5 The Role of Hydrogen in a-Si:H
U nhydrogenated a-Si has  a  very high defect density  (1020 cm’3) which prevents 
doping, photoconductivity and  other desirable characteristics of a  useful semiconductor. 
H ydrogenation of 10 to 15 atom ic percentage reduces the  defect density  by m ore th an  four 
orders of m agnitude in  device-quality m ateria l.
The essen tia l role of hydrogen w as revealed through  experim ental work on 
spu tte red  a-Si and germ anium . Hydrogen caused an  im provem ent in  m ateria l properties 
leading to h igh photoconductivity, low defect density  and aids doping. The special role of 
hydrogen w ith  regard  to a-Si is its  ability to passivate defects [7].
In  1987, S tree t showed th a t  atom ic hydrogen can move in  and  out of the  surface 
during  grow th of a-Si:H films [8]. A fter the  silicon has a ttached  itse lf  to th e  surface, 
diffusion allows the  hydrogen to reac t w ith  the  silicon (Si) netw ork in  th e  surface region. 
The addition of hydrogen term ina tes dangling bonds and removes w eak bonds while excess 
hydrogen is evolved from the  film. Thus the  concentration of hydrogen in  the  film and  the  
reactions w ith  the  netw ork depend on the  chemical po ten tial of the  hydrogen in  the  
p lasm a. W eak Si-Si bonds which lie below the  hydrogen chemical po ten tia l are  broken 
while strong-bonds rem ain.
In  crystalline m ateria l, th e  concentration of hydrogen should increase as the  
chemical po ten tia l is raised. The concentration of hydrogen in  the  a-Si:H films actually  
decreases w hen hydrogen is added to the  p lasm a [9], which is an  indication of the  complex 
in teraction  betw een the  hydrogen and  the  silicon bonding s truc tu re . For example, the  
reconstruction of th e  silicon netw ork m ay move the  binding sites from below to above the  
chemical potential; in  effect replacing the  w eak  bonds w ith  stronger ones.
As a resu lt, th ere  is a  close connection betw een the hydrogen in  the  p lasm a and the 
disorder of the  a-Si:H film. The optim um  grow th tem pera tu re  of 200°C to 300°C is 
explained by the  hydrogen in teractions, a t  least in  general term s. A t lower tem pera tu re , 
the  diffusion coefficient is too low to allow s tru c tu ra l equilibrium , w hile a t h igher 
tem peratu res, w eak bonds are  not rem oved because the  chemical po ten tia l is lower and  
hydrogen is evolved from the  film. Both th e  conditions resu lt in  a m ore disordered 
structure .
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2.1.6 Doping Mechanism in a-Si:H
A substitu tiona l im purity  such as phosphorus (P) is four-fold coordinated and  acts 
as a  donor in  single crysta l silicon because one of its  electrons th a t  is no t involved in  
bonding is released  into the  conduction band. A n am orphous m ate ria l has no rigidly 
defined a rray  of lattice  sites, so th a t  an  im purity  can ad ap t th e  local environm ent to 
optim ise its  own bonding configuration, while also rem ain ing  as p a r t  of th e  host atom ic 
netw ork. This in te rp re ta tio n  is no t in  line w ith  earlie r theoretical prediction, which sta ted  
th a t  “am orphous sem iconductors cannot be doped”. The argum ents w ere p resen ted  in  a 
paper by M ott in  1969 [10] in  which the  8-N  ru le  suggests th a t  substitu tiona l doping in  
am orphous sem iconductors is im possible because the  boron (B) and P  im purities are  th ree ­
fold (electrically inactive) coordination in  th e ir  lowest energy configuration in  a-Si:H. I t  
w as soon followed th a t  the  chem ical bonding does not actually  forbid, b u t does severely 
constrain  the  doping in  a-Si:H, as will be reviewed in  the  next section.
2.1.6.1 G e n e ra l  D e s c r ip t io n
The firs t successful dem onstration  of doping in  a-Si:H w as reported  by Spear and 
LeComber in  1976 [11], who used  a plasm a-enhanced chemical vapour deposition (PECVD) 
technique to deposit a-Si:H films from a silane (SiH4) glow discharge. They dem onstrated  
th a t  low-defect-density a-Si:H can be sensitively doped by the  addition of sm all am ounts of 
phosphine (PH 3) or deborane (B2He). This allows the  room tem p era tu re  conductivity <jrt to 
be increased over some 8 orders of m agnitudes. The activation energy decreased from 0.7- 
0.8 eV in  undoped m ateria l to about 0.15 eV w ith  P  doping and  0.3 eV for B. Subsequent 
experim ents confirmed th a t  conductivity changes were due to a sh ift of F erm i energy, and 
th a t  n-type and  p-type conduction w as occurring [12]. The explanation  for the  above 
resu lts  w as substitional doping. This seem s to be in  conflict w ith  the  prediction of 8-N  rule.
Substitu tional doping is u n su rp rising  to anyone fam iliar w ith  crystalline 
sem iconductors. On th e  o ther hand , according to the 8-N rule, atom s bonded into an
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am orphous solid should have a coordination of m inim um , w here N  is the  num ber of 
valence electrons. This ru le  is analogous to th e  octet ru le for m olecular valences. This 
analogy reflects the  fact th a t  in  m olecules, as well as in  am orphous solids, the  absence of 
long-range topological constra in ts allows th e  bonding configurations to be determ ined by a 
m inim isation  of the  local energy. Thus, for exam ple, B (N~3) or P  (JV=5) are  both expected 
to become incorporated into a-Si:H w ith  threefold coordination, leaving all valence 
electrons in  doubly occupied bonding and  non-bonding (lone-pair) orbital. Obviously, in  
th is  configuration, doping should no t occur. The 8-N ru le  appears to be a  valid  concept in  
describing the  bonding s tru c tu re  of th e  large m ajority  of atom s in  am orphous m ateria ls  
even though violation of th is  ru le  by a sm all num ber atom s is commonly observed. A good 
exam ple is th e  existence of Si dangling bonds, S i9, in  undoped a-Si:H. In  the  sam e sense, 
the  observation of substitu tional doping, such as the  existence of a  few P  or B atom s in  
fourfold coordination, constitu tes violation of th e  8-N rule. These violations indicate th a t, 
in  con trast to sm all molecules, an  am orphous solid is not completely free of topological 
constra in ts. One possible constra in t is for exam ple, th a t  the  ideal average coordination of
2.4 for th e  form ation of continuous random  netw orks [13]. This m ight lead  to the  creation 
of dangling bonds in  over coordinated m ate ria ls  such as a-Si. A second constra in t for 
covalently bonded sem iconductors is th a t  u sua lly  only sm all varia tions in  bond angles and 
bond lengths are  energetically  p lausible. This lim its the  possible configurations w ith in  
sm all a-Si clusters, and  it  is conceivable th a t  th e  lim ited disorder can som etim es force a 
doping atom  into a substitu tional fourfold coordinated configuration [14]. Therefore, these 
defects are  not in  conflict w ith  th e  generalised  8-N ru le  which only applies w hen 
topological constra in ts are  absent.
The understand ing  of doping in  a-Si cam e from the  observation th a t  in  gas-phase- 
doped m ateria l, doping is alw ays associated w ith  the  form ation of dangling  bond defects 
[11]. The o ther re levan t observation [14] w as th a t  the  doping efficiency r), th a t  is, the  
fraction of electrically active dopant sites, decreases m onotonically as m ore dopant 
im purities a re  introduced. B ased on these  resu lts , in  1982, S tree t [14] suggested th a t  the  
8-N ru le  be generalised  to include ionised s ta te s  of the  dopant im purities as well. As an  
exam ple, figure 2.7 shows the  activation of threefold-coordinated inactive P  atom  by H
17 Literature Review
F ig u re  2.7 Model for the  m etastab le  increase of the  doping efficiency in  n-type a-Si:H 
(a) stab le s ta te  of an  inactive dopant atom  (b) hydrogen bond sw itching (c) form ation of a 
m etastab le  active donor [15].
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bond sw itching [15]. In  th is  form, the  8-N ru le  s ta ted  th a t  in  addition  to form ing 
electrically inactive P° sites, P  im purities can also en te r the  a-Si:H netw ork  in  the  form of 
electrically active P4+ sites. This occurs, however, only a t  the  expense of form ation of 
com pensating dangling bond defects ( Si3), which accommodate th e  donated electrons in  
energy levels well below the  P4 donor energy levels. In  th is  way, th e  form ation of neu tra l 
P4° levels is in  violation w ith  the  8-N ru le  as shown in  figure 2.8.
F ig u re  2.8 A schem atic of density-of-state d iagram  showing (a) fourfold coordinated 
phosphorus allowed by the  8-N rule, w here the  Ferm i energy Ep is below th e  donor level 
( P4+); and  (b) forbidden fourfold configuration w ith  occupied donor levels ( P4° ) [14].
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In  order to account for the  varia tions in  defect density  and  the  doping efficiency ri 
w ith  the  to ta l dopant density, S tree t fu rth e r proposed th a t  th e  ind iv idual configurations 
are  re la ted  to each other v ia a  therm al equilibrium  process by th e  reversible valence 
a lte rna tion  reaction :
P3° P4+ + D '
p3° +si2 <->p; + si3- (2.3)
and the  density  of dopants and  defects are  controlled by the  position of E$.
The law  of m ass action th en  yields [S i3]oc[P]0-5 and ricc[P]-°-5 in  agreem ent w ith  
experim ent. In  tu rn , the  equilibrium  w as assum ed to be established a t  th e  surface of the  
growing film  and  to be quenched a t  a tem pera tu re  close to the  tem p era tu re  of the  
substra te  onto which the  film  w as grown.
In  1984 M uller [16] found the  sam e functional dependencies for [S i3] and  rj in
plasm a-deposited a-Si:H films doped by ion im plan ta tion  as shown in  figures 2.9 and  2.10. 
These resu lts  showed th a t, in  addition to surface equilibration, bu lk  equ ilibration  was also 
possible. A nother im portan t observation from these  im plan tation  experim ents is th a t  
in te rs titia l (alkali) doping produces th e  sam e increase in  the  defect density  as does 
substitu tional doping. This resu lt suggests th a t  autocom pensation doping according to the  
reaction in  (equation 2.3) arises as a  re su lt of two independent reactions [17]:
doping: P3 P4+ + e" (2.4)
defect production: e~ + S i0 <-» S i3 (2.5)
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F ig u re  2.9 The effect of ion im plan ta tion  doping on a-Si:H [17]. The dashed  and  solid 
lines are  the  calculated and  m easured  electrical conductivity as a  function of im planted 
dopant density  w ith  an  electron-hole m obility 10/1 cm2 (V s ) 1, respectively. A com parison 
betw een the  two lines reveals an  inverse square-root rela tion  of th e  doping efficiency rj 
w ith  im planted  im purity  concentration. ©, boron (B) or phosphorus (P); A, a lkali (A).
tog iN^Cerrr3)] log[ND (c rrr3 )]
F ig u re  2.10 P lot of dangling bond density  aga in st im planted  density  [19]. Note the  null 
effect on ra re  gas or self-ion im plantation . B, boron; P, phosphorus; K, potassium ; Ne, 
neon; Si, silicon.
21 Literature Review
The above two reactions are  correlated w hen the  donated electron becomes trapped  
in  a  conduction band-ta il sta te . The reaction (equation 2.5) describes the  addition of a 
valence electron to a  norm ally coordinated Si atom  and its recom bination coordination as 
given by the  generalised  8-N ru le. A nother in te rp re ta tion  of th is  reaction  is th e  decay of a 
w eak Si-Si bond into two threefold coordinated [18], negatively charged dangling bond 
defects (S i3), triggered by the  band-ta il trapp ing  of two electrons:
2 e ' +2SiJ «-» 2Si3 (2.6)
Alkali doping, can be described by replacing the  reaction in  equation  2.4.
A 0 <-> A + + e" (2.7)
w here A is lith ium , sodium , potassium , rubid ium  and cesium.
In  1987, Scholch et al. perform ed an  experim ent which is re la ted  to the  reaction 
given in  equation 2.7. In  th e ir  work, im planted  lith ium  (Li) ions into th e  high-field regions 
of a-Si:H p-i-n junctions has  been m ade. They used  nuclear reaction profiling techniques to 
determ ine the  effect of annealing, for increasing  lengths of anneal tim e, on th e  resu lting  Li 
depth  profiles. These profiles revealed both th e  expected diffusion broadening and  a drift 
in  the  electrical junction  fields. From  the  observed profiles they  inferred  th a t  the  en tire  Li 
population is subject to ion drift. This showed th a t  the  im planted Li is no t divided into two
different populations, (i.e. one perm anen tly  active and the  o ther electrically inactive).
R ather, i t  w as deduced th a t  each Li atom  can assum e e ither charge s ta te  for a  certain  
fraction of tim e. D epending on the  tim e spen t in  the  positive charge s ta te , an  effective 
charge q* < q resu lted  (where q is the  e lem entary  charge). W hile q* alw ays tu rn ed  out to 
be lower th a n  q, q* w as found to be m uch h igher in  p+-i th an  in  n +-i junctions. This la tte r  
effect is a ttr ib u ted  to th e  counterdoping action of the  boron acceptors in  p +-i junctions and 
is consistent w ith  the  predictions of the  autocom pensation model of doping.
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Considering equations 2.4 and 2.5, i t  can be seen th a t  these reactions m erely act as 
suppliers of electrons to th e  reaction in  equation 2.7. J u s t  as o ther po ten tia l sources of 
electrons are  electron accum ulation regions in  devices and photogenerated  electrons, 
equations 2.5 and  2.6 also account for the  m etastab le  increase in  th e  defect density  in  field- 
effect tran sis to rs  biased into accum ulation [21-24], electron injection th rough  the  tip  of a 
scanning tunnelling  electron microscope [25], and in  p in  solar cells subjected to prolonged 
illum ination [26]. Ion im plan ta tion  experim ents, therefore, also have provided inform ation 
for the  form ulation of a  generalised  autocom pensation model [17,22] which, in  addition to 
doping, gives an  understand ing  of the  m etastab le  s tru c tu ra l changes in  a-Si:H devices.
D uring the  la s t few years a  m ajor issue h as  been to u nders tand  how the  previously 
described coordination changes can be accommodated w ith in  the  a-Si:H  netw ork. The 
extensive study  of the  Xerox® group suggests th a t  all these reactions rely  on the  diffusion 
of H  bonded w ith in  the  a-Si:H m atrix  [8, 27-29]. P arallel work on H  in  c-Si by Johnson [30] 
seem s to su b stan tia te  th is  point of view. A direct consequence is th a t  the  speed of 
equilibration is lim ited by the  H  diffusion constan t in  the  a-Si:H m atrix . As H  diffusion 
requires a  th erm al activation energy EA of about 1.0 to 1.5 eV, rap id  equilibration  is only
possible a t  a  tem pera tu re  close to the  deposition tem pera tu re  of the  a-Si:H layers, which is 
betw een 250°C and  300°C for electronic-grade m aterial. A t reg u la r device operating 
tem pera tu res, of about room tem peratu re , the  a-Si:H netw ork seem s to be frozen and 
considerable changes in  carrier density  can be accommodated w ithou t corresponding 
changes in  th e  am orphous netw ork structu re .
The m ost im portan t re su lt of x-ray absorption fine s tru c tu re  (XAFS) m easurem ents 
on both a-Si and  a-Si:H w as th a t  the  local environm ents of substitu tiona l dopant 
im purities in  a-Si and  in  a-Si:H are  com parable [31,32]. In  these works it  w as found th a t  
two different bonding configurations could be detected in  both of these  semiconductors: 
relatively  well-ordered substitu tiona l dopants (A s4, G a ; ) and less well-ordered alloying 
sites (A sJ, G a3). Some particu la rly  in trigu ing  resu lts  concern th e  effect of electronic 
com pensation. There are  two different sets of XAFS experim ents carried  out on ion 
im planted  Ga acceptors [33]. In  th e  f irs t experim ent, Ga im purities w ere im planted  into 
undoped a-Si:H layers and  the  im p lan ta tion  dam age was rem oved by low -tem perature
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annealing. In  the  second experim ent, sim ilar im plan ta tion  and  annealing  sequence w as 
applied to an  a-Si:H layer th a t  w as heavily  P-doped during  deposition (IPHal/tSiKU] ~ 104 
vppm). The Ga coordination w as th en  m easured  in  both k inds of a-Si:H sam ples and the  
d a ta  are  given in  tab le  2.2. I t  can be seen from  the  tab le  th a t  the  average Ga coordination 
in  the  p-type sam ples is close to th ree , w hereas it  is nearly  four in  th e  com pensated a-Si:H 
layers. Q uite obviously, electrons donated by th e  P  donors recom bine w ith  holes provided 
by the  Ga acceptors and  th u s  induce additional Ga im purities to assum e active acceptor 
sites. The h igh  average coordination num ber in  com pensated a-Si:H shows th a t  the 
activation can be fairly  complete, reaching  activation levels close to 100%. W hen the  
m ateria l becomes overcom pensated by high-dose Ga im plants, the  average Ga coordination 
level again  decreases to 3.4. This is found to be consistent w ith  the  above in terp re ta tion .
T a b le  2.2 C oordination of G allium  (Ga) acceptors in  single-doped and  in  com pensated 
a-Si:H [33]. P rio r to Ga im plan tation , the  a-Si:H:P films were doped w ith  1% PHh/SiELi 
during  deposition.
I m p u r i ty M a te r ia l I m p la n te d
C o n c e n t ra t io n
C o o rd in a t io n
N u m b e r
I n te r a to m ic
D is ta n c e
Ga a-Si:H 0.1 atom ic % 3.3 ± 0.2 (2.39 ±0.01) A
Ga a-Si:H:P 0.1 atom ic % 3.7 ± 0 .2 (2.39 ± 0.01) A
Ga a-Si:H:P 0.5 atom ic % 3.9 ± 0 .2 (2.41 ± 0.01) A
Ga a~Si:H:P 2.0 atom ic % 3.4 ± 0.2 (2.41 ±0.01) A
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2.2 Review of Metal Semiconductor Schottky Barriers
The earliest research  w ork on the  m etal-sem iconductor rectifying system s is 
generally  a ttr ib u ted  to B raun  [34] in  1874, who discovered the  rectifying n a tu re  betw een 
m etallic contacts of copper or iron, and lead sulfide crystals. The point-contact rectifier in  
various forms found practical applications such as the  point-contact detector using  silicon 
beginning in  1904 w ith  Bose [35]. However, these  point contact rectifiers showed poor 
characteristics and w ere subsequently  replaced by rectifiers obtained by deposition of a 
th in  m etallic film  on a properly p repared  surface of a  sem iconductor. These m etal- 
sem iconductor contacts have m uch b e tte r  characteristics and have led to our p resen t 
understand ing  of the  behaviour of these  contacts obtained from  studies on such devices.
In  1931, W ilson [36] form ulated  the  tra n sp o rt theory  of sem iconductors based on 
the  band  theory  of solids. This theory  w as th en  applied to the  m etal-sem iconductor contact. 
In  a  la te r  publication p resen ted  by Schottky [37] in  1938, suggests th a t  th e  poten tia l 
b a rrie r  could arise  from stab le  space charge in  the  sem iconductor alone w ithou t the  
presence of a  chem ical layer. The model a ris ing  from th is  concept is know n as the  Schottky 
barrier. In  the  sam e year, M ott [38] also devised a theoretical model for ‘sw ept-out’ or 
depleted m etal-sem iconductor contacts know n as the  M ott barrier. A nother significant 
advance in  our understand ing  of Schottky b a rr ie r  contacts w as m ade du ring  the  Second 
W orld W ar w hen B ethe [39] proposed therm ionic em ission as th e  m eans of cu rren t 
tra n sp o rt over the  barrier. The basic theory  and  the  historical developm ent of rectifying 
m etal-sem iconductor contacts have been sum m arised  by H enisch [40].
H ydrogenated am orphous silicon (a-Si:H) is a  unique sem iconductor m ateria l. The 
u n ders tand ing  of the  physical and  electrical properties of hydrogenated am orphous silicon 
h as  evolved very  rap id ly  because of the  in te resting  scientific problem s and  its  use in  
im portan t technological applications. Close com parisons w ith  crystalline silicon should 
prove im portan t in  u nders tand ing  Schottky b a rrie r  form ation. A fter all, th e  two 
sem iconductors, crystalline silicon and am orphous silicon (c-Si and  a-Si) a re  indeed alike 
on the  short-range atom ic scale.
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2.2.1 Review of Metal Semiconductor Schottky Barriers on Crystalline Silicon
In  th e  following two subsections, descriptions of Schottky b a rrie rs  on c-Si and a-Si 
will be provided. F irstly  the  doping effects and  b a rrie r control concepts on m etal 
sem iconductor Schottky ba rriers  on crystalline silicon is reviewed. T hen  the  tran sp o rt 
m echanism  and characteristics of m etal sem iconductor Schottky b a rrie rs  specific to a-Si:H 
are  described in  section 2.2.2.
2.2.1.1 F o r m a t io n  o f  P o te n t i a l  B a r r i e r s
W hen a m etal m akes contact w ith  a  sem iconductor having  a sm aller w ork function 
th a n  the  m etal, band  bending occurs in  the  sem iconductor and  a po ten tia l b a rrie r  is 
formed a t  th e  m etal-sem iconductor interface. The form ation of th e  po ten tia l b a rrie r  occurs 
w hen th e  m etal and  sem iconductor are  brought into equilibrium  and  th en  in to  in tim ate  
contact. F igure  2.11 shows the  energy band diagram  corresponding to a  m etal- 
sem iconductor Schottky barrier.
In itially , the  m etal and  sem iconductor are  not in  contact, and  th e  system  is not in  
therm al equilibrium . A fter the  contact is m ade charge will flow from th e  sem iconductor to 
the  m etal and  therm al equilibrium  is established, the  Ferm i levels on both sides line up. 
The Ferm i level in  th e  sem iconductor is lowered by an  am ount equal to th e  difference 
betw een the  two work functions and (f> s ) rela tive to the  Ferm i level in  the  m etal. I t  is 
clear th a t  the  b a rrie r  heigh t ($b) is given by :
(f> B  ~ qVt + ( f) n  (2.8)
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F ig u re  2.11 Form ation of b a rrie r  of m etal contact to n-type sem iconductor w ith  <f>m>(j>s (a) 
m etal and  sem iconductor are  not in  contact and  no in terface sta tes, (b) therm al 
equilibrium  is established after the  contact has been m ade [41].
The shape of the  poten tia l b a rrie r  can be calculated from th e  charge d istribu tion  
w ith in  the  depletion region. Schottky [37] assum ed th a t  the  sem iconductor w as 
homogenous rig h t up to the  boundary w ith  the  m etal, so th a t  the  ionised donors give rise 
to a uniform  space charge in  the  depletion region. The electric field s tren g th  therefore 
increases linearly  w ith  d istance from th e  edge of the  depletion region, and  th e  electrostatic 
po ten tia l increases quadratically . The resu lting  parabolic b a rrie r  is know n as a  Schottky 
b a rrie r  ($&).
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2.2.1.2 Interface States
The firs t explanation on the  insensitiv ity  of to the  m eta l w ork function in  
covalently bonded sem iconductors w as given by B ardeen  [42]. In  th is  paper, he  pointed out 
the  im portance of localised surface s ta tes  in  determ ining (f>B. A t th e  surface of a 
sem iconductor the  periodicity of the  crystal lattice  is term inated . In  a  covalent crystal the  
surface atom s have neighbours only on th e  sem iconductor side; on the  vacuum  side there  
are  no neighbours w ith  whom  the  surface atom s can m ake covalent bonds. Thus, each of 
the  surface atom s has one broken covalent bond in  which only one electron is p resen t and 
the  o ther is m issing. The broken covalent bonds are  known as dangling bonds. D angling 
bonds give rise to localised energy s ta tes  a t  the  surface of the  sem iconductor w ith  energy 
levels lying in  the  forbidden gap. These surface s ta tes  are  usually  continuously d istribu ted  
in  the  band  gap and  are  characterised  by a n eu tra l level <f>0. The position of th is  n eu tra l 
level is such th a t  w hen th ere  is no band  bending in  the  sem iconductor the  sta tes  are 
occupied by electrons up  to </>0 m aking the  surface electrically neu tra l. The s ta te s  below <j)0 
are  donor-like because they  are n eu tra l w hen occupied and are  positive w hen empty. 
A pparently, the  s ta tes  above behave as acceptors. On clean surface of covalent 
sem iconductor the  density  of surface s ta te s  can be equated to the  density  of surface atom s. 
Absorbed layers of foreign atom s m ay considerably reduce th is density  by com pleting the  
broken covalent bonds.
The surface sta tes  modify the  charge in  th e  depletion region and  th u s  affect 
F igure 2.12(a) shows the  electron energy band d iagram  of an  n-type sem iconductor under 
fla t band  condition. This s itua tion  is one of non-equilibrium , and equilibrium  is reached 
w hen electrons from th e  sem iconductor adjacent to the  surface occupy s ta tes  above <j>0 and 
the  Ferm i level a t th e  surface aligns w ith  th a t  in  the bulk. The surface th en  becomes 
negatively charged and  a depletion layer consisting of ionised donors is created  in  the  
sem iconductor region n ea r the  surface. Because of th is  dipole form ation a  po ten tia l b a rrie r  
looking from the  surface tow ards the  sem iconductor is obtained even in  the  absence of a 
m etal contact as shown in  figure 2.12b. W hen a m etal is now brought in  contact w ith the  
sem iconductor an  equilibrium  is reached, and  th e  Ferm i level in  the  sem iconductor m ust
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change by an  am ount equal to th e  contact po ten tial by exchanging charge w ith  the  m etal. 
I f  the  density  of surface s ta tes  a t  the  sem iconductor surface is very  h igh  th en  the  charge 
exchange takes place largely  betw een the  m eta l and  the  surface s ta tes , and  th e  space 
charge in  the  sem iconductor rem ains alm ost unaffected.
As a resu lt the  b a rrie r  he igh t in  figure 2.12(c) becomes independen t of the  m etal 
w ork function and  is given by:
6 )  (2.9)
In  th is  case the  b a rrie r  heigh t is said  to be “pinned” by surface s ta tes. E quation  
(2.9) is referred  to as the  B ardeen  lim it.
F ig u re  2.12 E lectron energy band  diagram s of n-type sem iconductor w ith  surface sta tes, 
(a) fla t band  a t the  surface (b) surface in  therm al equilibrium  w ith  th e  bulk, (c) and 
sem iconductor in  contact w ith  a m etal [41].
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2.2.1.3 Current Transport
The cu rren t tra n sp o rt in  a  Schottky b a rrie r diode is m ain ly  due to m ajority 
carriers. The four cu rren t tran sp o rt m echanism s are:
(i) therm onic em ission of electrons from  the  sem iconductor over th e  poten tia l b a rrier
into the  m etal (the dom inant process for Schottky diodes w ith  m oderately doped
sem iconductors and  operated a t m oderate tem peratu re)
(ii) quan tum  m echanical tunnelling  through  the  b a rrie r  (im portan t for heavy doped 
semiconductors)
(iii) recom bination in  the  space-charge region
(iv) recom bination in  the  n eu tra l region (hole injection)
An electron m ust be tran spo rted  th rough  the  depletion region of th e  sem iconductor 
before being em itted  over the  m etal. The tran spo rta tion  process is determ ined  by the 
m echanism s of diffusion and d rift while the  em ission process is controlled by the  num ber 
of Bloch sta tes  in  th e  m etal. According to diffusion theory, th e  cu rren t is lim ited by 
diffusion and  d rift in  the  depletion region. F igure 2.15 shows th a t  for diffusion theory  the  
conduction electrons in  the  sem iconductor im m ediately adjacent to th e  m eta l are in  
therm al equilibrium  w ith  those in  th e  m etal. W hereas, for therm onic em ission theory 
proposed by B ethe [39] assum es th a t  the  cu rren t is lim ited by th e  em ission process, and 
th a t  the  quasi-Ferm i level for electrons rem ains horizontal th roughou t the  depletion 
region.
For a  Schottky diode on a m oderately doped single crystal sem iconductor operated 
a t m oderate tem pera tu res (300 K), the  electron flow is dom inated by the  tra n sp o rt of 
electrons over the  po ten tia l b a rrie r  and  can be described by the  therm onic em ission theory, 
which gives the  J-V  characteristic  as:
J  = J s e x p ( ^ - ) - l (2.10)
w here (2.11)
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is the  reverse sa tu ra tio n  cu rren t density , A** is R ichardson constan t and  <f>B-A(f>Bi = Wb th e  
effective b a rrie r  height. However, in  practical diodes, the  ideal equation  (2.10) is never 
satisfied, b u t is alw ays modified to [40] :
J  ~ J s exp (2.12)
w here n
kT  d (lnJ)
is called the  ideality  factor.
In  the  reverse direction, the  dom inant effect is due to th e  Schottky b a rrie r  lowering 
(image force effect) as shown in  figure 2.13 and  is given by :
J r * J s  = A**T2exp\ - (2.13)
0 X
F ig u r e  2.13 Energy band d iagram  showing the  im age force lowering of th e  b a rrie r  [43],
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The im age force lowering of the  b a rrie r  is a  resu lt of field produced by an  electron. 
Therefore, w hen a b a rrie r  he igh t is m easured  by a m ethod w hich does not require 
m ovem ent of the  electron over th e  barrier, th e  value obtained for $3 is no t lowered by the  
im age force.
In  the  case of a  degenerate sem iconductor a t low tem pera tu res, th e  cu rren t in  the 
forw ard direction is due to th e  electrons w ith  energies close to the  F erm i energy in  the  
sem iconductor and is know n as field emission. I f  the  tem pera tu re  is raised , electrons are  
excited to h igher energies, and  the  tunnelling  probability increases very  rap id ly  because 
the  electrons ‘see’ a  th in n e r and lower barrier. On the  o ther hand , th e  num ber of electrons 
decreases rap id ly  w ith  increasing energy, and  there  will be a  m axim um  contribution to the  
cu rren t from electrons above the  bottom  of the  conduction band. This is know n as 
therm ionic-field emission. I f  the  tem pera tu re  is raised  still fu rther, a point is eventually  
reached in  which v irtua lly  all of the  electrons have enough energy to go over th e  top of the  
barrier; the  effect of tunnelling  is negligible, and  we have pure therm ionic emission.
2.2.1.4 E ffe c t o f  D o p in g
The change of electric field (Es) a t  the  interface of a  Schottky b a rr ie r  w ith  applied 
voltage and  doping concentration can be obtained by the solution of a  one-dim ensional 
Poisson equation. By assum ing th e  sem iconductor to be non-degenerate and uniform ly 
doped and  divided into a  space charge region and a n eu tra l region devoid of any space 
charge, the  Poisson equation a t  any point in  th e  n-type sem iconductor can be expressed as
7^ - 7  = - — [Nd + p (x )~ n (x )\  (2.15)
ax s s
w here ss is the  sem iconductor perm ittiv ity , Nd is the  donor concentration, and n(x) 
and p(x) are  th e  electron and  hole concentrations a t any point x in  th e  semiconductor, 
respectively.
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I f  we postu la te  th a t  all th e  donors are  ionised and the  po ten tia l <f> is zero in  the  
n eu tra l bu lk  region of the  sem iconductor a t  the  edge of the  space charge layer, th en  for:
n(x) = no exp
p(x) = p0exp
q ffx )
kT
q ffx )  
kT
(2.16)
w here n 0 and  po rep resen t the  equilibrium  electron hole concentrations in  the  
n eu tra l sem iconductor. S ubstitu ting  the  values of n(x) and p(x) in to  equation (2.15), we 
obtain:
dx2
FL
Gs
N d ~ n 0exp
q<f>(x)
kT Poexp
q ffx )
kT
(2.17)
A closed form solution is no t possible for the  above equation. The assum ption of 
depletion approxim ation s ta ted  th a t  the  free carrier concentrations fall ab rup tly  from th e ir  
equilibrium  values of n 0 and  p 0 in  the  bu lk  n eu tra l region to be negligibly sm all in  the  
b a rrie r  space charge region. Therefore, by using  the  depletion approxim ation equation 
(2.17) can be reduced to:
^ T  = - — ^  0 <x <Wdx es
= 0 x> W
(2.18)
w here W rep resen ts  th e  w id th  of the  depletion region. In teg ra tin g  equation (2.18) 
w ith  respect to x and using  the  condition th a t  d<j>ldx- 0 a t x=W we obtain  th e  electric field 
Es(x) in  the  depletion region:
Es (x) = - 4 ^  = E m [ l ~ £■] (2.19)dx \ W
w here Em = ~ ~—dW
£s
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A second in tegration  w ith  the  boundary condition (f> =0 a t  x-W  leads to th e  following 
relation:
0(x) = (2.20)
2 ES \  w )
Therefore the  electric field Es becomes dependent on th e  donor im purity  
concentration which changes th e  effective b a rrie r  height.
2.2.1.5 B a r r i e r  C o n tro l  C o n c e p ts
In  a Schottky barrier, th e  heigh t of the  b a rrie r  is sim ply re la ted  to the  character of 
the  m etal and the  m etal-sem iconductor interface property  and is nearly  independen t of the  
doping. W hile in  principle i t  should be possible to obtain a range of b a rr ie r  heights for 
various applications by selecting a m etal w ith  the  appropriate  w ork function. In  practice 
the  presence of interface s ta tes  and a th in  in terfacial layer tends to lim it the  spread of 
b a rrie r  heights thereby  reducing the  flexibility of the  system . A fu rth e r constra in t is 
imposed by the  choice of m etal because very few m etals have the  necessary  m etallurgical 
properties required  for reliable device operation. In  th is case, a  m uch m ore convenient 
approach is to introduce a  th in , shallow  layer (-100  A or less) of sem iconductor w ith  a 
controllable num ber of dopants on a sem iconductor surface by using  ion im plantation . The 
effective b a rrie r  he igh t for a  given m etal-sem iconductor contact can th en  be varied  in  a 
controlled m anner by the  re su lta n t change in  the  electric field a t  the  surface [1,44,45].
F igure 2.14 shows the  idealised controlled b a rrie r  contacts w ith  a  th in  n + layer or a 
th in  p+ layer on an  n-type su b stra te  m ateria l for b a rrier reduction or b a rr ie r  raising, 
respectively.
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Figure 2.14 Idealised  controlled b a rrie r  contacts w ith  a  th in  n + layer or a  th in  p + layer 
on an  n-type su b s tra te  for reduction of b a rrie r  or increasing barrier, respectively [4 3 ].
(Note tha t: n1 and  n2 are  electron concentrations and  p 2 is the  hole concentration.)
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Consider the  reduction of b a rrie r  first. The field d istribution, is given by:
Es = -E sm + SIhE. fo r  o <x< a
qn2 (W - x )  for a < x < W  (2.21)
w here Esm is the  m axim um  electric field a t  the  m etal-sem iconductor interface, and 
is given by:
Esm = — \n,ia + ii2(W - a)] (2.22)
Ss
The image-force lowering due to E sm can be w ritten  as:
A(j> = (2.23)
4 n s s
For Si and  GaAs Schottky b a rriers  w ith  n2 of the  order of 1016 cm -3 or less, th e  zero- 
bias value of n2(W-a) is about 1011 cm-2. Therefore, if  nia is m ade sufficiently larger th a n  
1011 cm-2, equations (2.22) and  (2.23) can be reduced to:
(2.24)
(2.25)
ss V 4n
For nia -  1012 and 1013 cm-2, the  b a rrie r  lowering is 0.045 and  0.14 V, respectively.
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A lthough the  image-force lowering contributes to the  b a rrie r  reduction, generally 
the  tunnelling  effect is m ore significant. For n2a -  1013 cm*2, the  m axim um  field from 
equation (2.24) is 1 .6  x  106 V cm*1, which is the  zero-bias field of a  Au-Si Schottky diode 
w ith  a  doping of 1019 cm*3. In  a report of C hang and Sze in  1970 [46], th e  sa tu ra tio n  
cu rren t density  for such a diode is about 10*3 A cm*2 corresponding to an  effective b a rrie r 
heigh t of 0.6 V, a  reduction of 0.2 V from the  0.8 V b a rrie r  of the  Au-Si diode. By increasing 
the  m axim um  field from 105 V cm*1 to 106 V cm*1, one generally can reduce the  effective 
b a rrie r by 0 .2  V in  Si and over 0.3 V in  GaAs [47].
For a  given application, the  param eters  ni and “a ” (thickness of a  surface layer)
should be properly defined th a t  in  the  forw ard direction the  large Schottky b a rrie r
lowering and the  added tunnelling  cu rren t will no t substan tia lly  degrade the  ideality  
factor n; in  the  reverse direction, these  will not cause large leakage cu rren t in  th e  required  
bias range. I f  an  opposite doping is introduced into the  th in  sem iconductor layer a t  the  
interface, the  effective b a rrie r  can be increased. As shown in figure 2.14 (a), i f  th e  n +region 
is replaced by p+, it  can be shown th a t  the  energy-band profile will be qfao a t  x = 0 and the  
poten tial will reach  a  m axim um  inside th e  surface a t  x -  A , w here
A =— [apj -  (W -  a)n2 ] (2.26)
Pi
The effective b a rrie r  he igh t occurs a t x = A and is given by:
fB  = *B+Em A - & &  (2.27)
z s s
E quation  (2.27) approaches (fa + qp2a2 ! 2 ef) i f p i » n 2 and a p j» n 2W. Therefore, as 
the  product (ap2) increases, the  effective b a rrie r  height will increase accordingly. B arrie r 
m odification can be seen from the  m easured  resu lts  of Ni-Si diodes w ith  shallow antim ony 
im plan ta tion  on the  surface (Shannon in  1976 [47]). As the  ion dose increases, the  effective 
b a rrie r he igh t decreases for n-type su b stra tes  and increases for p-type substra tes .
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2.2.2 Metal Semiconductor Schottky Barriers on Amorphous Silicon
H ydrogenated am orphous silicon (a-Si:H) is a  new m ateria l and  as a  consequence 
the  properties of m etal contacts on a-Si:H p resen t a  series of questions a t the  basic science 
level. The aspects th a t  a re  clearly identifiable are  th e  role of band-ta il s ta tes , the  defects in  
the  band  gap, and  the  m ost useful m ateria l m ay be the  undoped a-Si:H, which exhibits a 
near-m id gap Ferm i energy (Ep). The m ost in trigu ing  and rem arkab le  aspect of a-Si:H is 
the  ability  to sh ift th e  Ep th rough  “substitu tiona l” doping even though th e  m ateria l is 
am orphous. Thus the  properties of m etal contacts on doped a-Si:H are  of significant 
im portance. The firs t p a r t  of the  following subsection describes some of the  general 
aspects of Schottky b a rrie rs  specific to a-Si:H. The second p a rt is devoted to the  silicide 
form ation a t  th e  interface of the  m etal/a-Si:H  system .
2.2.2.1 Characteristics and Transport M echanisms of Schottky Barrier Specific 
to a-Si:H
One of the  m ajor differences betw een a-Si:H devices and  c-Si devices is th a t  the  
active region of a~Si:H is u sually  in trinsic  or undoped. The reason for th is  is due to the  fact 
th a t  doping a-Si:H e ither p- or n-type causes a  large increase in  gap s ta te  densities which 
leads to carrier recom bination and  generation. Thus the Schottky b a rr ie r  of m ost in te res t 
is formed on undoped m ateria l. A schem atic of the  band  s truc tu re  is show n in  figure 2.15. 
Possible tra n sp o rt m echanism s are  denoted by double arrow s in  th e  figure. The circles in  
the  sem iconductor gap indicate defect centres n e a r the  Ferm i energy. The role of these 
sta tes  is sim ilar to deep centres in  c-Si. T hus th e  depletion w id th  is lim ited  by th e  defect 
density. The s ta te s  localised due to the  disorder are  represen ted  by dashed  lines in  the  
band tails. The influence of the  defect s ta tes  on tran sp o rt will be discussed la ter.
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Thermonic Emission
F i g u r e  2 .1 5  Schem atic d iagram  of the  Schottky b a rrie r  on a-Si:H showing th e  different 
tra n sp o rt m echanism s [48].
Of significant im portance is the  fact th a t  the  Ferm i energy is n ea r m idgap (the gap 
energy is -1 .8  eV). Hence, even for a  case w ith  zero built-in  potential, a  b a rrie r  of h a lf  the  
gap can be formed. Furtherm ore , w ith  h igh work function m etals, b a rrie rs  g rea ter th a n  1.1 
eV can be acquired. This is significantly larger th a n  for sim ilar s tru c tu res  form ed on c-Si.
We now tu rn  to considerations about the  depletion region. W hile solutions for 
general gap s ta te  d istribu tions are  difficult to obtain, two cases which illu s tra te  different 
possibilities can be solved exactly. For a  sharp  donor or acceptor band  (as is usually  the  
case in  c-Si) the  depletion region will exhibit a  parabolic potential. Therefore V  is given by:
V=Vd(x-WP (2.28)
w here Vd is the  built-in  potential, and W is length  of th e  depletion region. The 
charge density  in  the  depletion region is essentially  constant and  equal to the  density  of 
donor (or acceptor) centres N d.
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For am orphous sem iconductors a  uniform  d istribu tion  of s ta te s  w ith in  the  energy 
gap is often considered as a  reasonable approxim ation, and  th is  resu lts  in  an  exponential 
d istribution:
V=Vdexp(-x/xo) (2.29)
w here x0 is defined as the  field decay length. The charge density  also exhibits an  
exponential form w ith  a value a t the  interface of N aVd w here N a is th e  gap s ta te  per eV. 
The poten tia l and charge d istribu tions for the  two cases discussed here  a re  shown in  figure 
2.16. The depletion region profiles w ere discussed by Spear et al. in  1978 [49].
D is ta n c e  D is ta n c e
(a )  (b )
Figure 2.16 Schem atic d iagram  of charge densities and poten tia l profiles for (a) a  single­
defect (donor) band and (b) a  uniform  distribu tion  of defects in  th e  gap [48].
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As described in  th e  previous section, a  reasonable  descrip tion  of th e  gap s ta te s  of 
a-Si:H is a  defect band  slightly  below m idgap. Hence, for Schottky b a rriers  w ith  a  built-in  
potential, th e  exponential po ten tia l can provide a good description of th e  system . For 
m etals w ith  larger w ork functions, h igher values of the  built-in  po ten tia l m ay be 
obtainable. In  th is  case the  bands will exhibit a  com bination of exponential and  parabolic 
behaviour. N ear the  m etal/a-Si:H  interface, the  poten tial will be exponential. These resu lts  
dem onstrate ano ther im portan t difference in  the  properties of Schottky b a rriers  on a-Si or 
c-Si, nam ely, th a t  the  characteristics of the  depletion region on a-Si:H diodes can vary  
significantly for s truc tu res  w ith  different b a rrie r  heights.
In  figure 2.15, th ree  possible cu rren t tra n sp o rt m echanism s are  illu stra ted . The 
schem atic rep resen ts  a Schottky b a rrie r  on an  undoped m ateria l. In  general we expect the  
sam e tra n sp o rt m echanism s to occur in  a-Si b a rriers  as in  crystalline Schottky barriers. 
These m echanism s are  therm ionic em ission, tunnelling  and  field em ission close to the  
Ferm i level (shown schem atically in  figure 2.15).
A t room tem pera tu re  i t  is u sua l to consider th a t  electron tra n sp o rt over the  b a rrier 
dom inates th e  forw ard-bias curren t. For high-m obility m ateria ls  such as c-Si, it  is 
p resum ed th a t  the  electron population a t  any energy above the  conduction-band m inim um  
is independen t of d istance from the  surface. The tran sp o rt is th en  lim ited  by the  em ission 
of electrons in to  the  m etal. For low-mobility m ateria ls i t  is possible th a t  the  cu rren t 
tran sp o rt is lim ited  by electron diffusion through  the  depletion region. In  th is  case, the  
electron population a t any energy will vary  as a  function of d istance from  th e  interface. 
Thus if  the  therm onic em ission lim its the  tran sp o rt, then  for an  applied bias the  Ferm i 
energy will be constan t th roughout the  depletion region and  drop (or rise) to the  m etal 
Ferm i energy inside the  m etal film, see figure 2.15. On the  contrary , for the  diffusion- 
lim ited tran spo rt, th e  Ferm i energy will vary  in  the  depletion region. As a-Si has  a low 
m obility of ~2 cm2 (V s)'1, it  is not clear which m echanism  will dom inate [48].
A t lower tem pera tu res, tunnelling  curren ts m ay become m ore im portan t. The 
tunnelling  of electrons from th e  conduction band into the  m etal has  certain ly  been 
observed in  c-Si and has  been reported  for a-Si [50]. The process is m ore com plicated in  a- 
Si:H as the  localised sta tes  n ea r the  conduction-band ta il m ay significantly  enhance the 
tunnelling  curren t.
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The la s t possibility, th a t  of field em ission is considered to be a m uch less likely 
cu rren t p a th  in  a-Si:H Schottky b a rriers  under forw ard bias because th e  Ferm i energy is 
n ear m idgap, and  there  is a  relatively  low density  of s ta tes  th a t  can field em it into the  
m etal. In  reverse bias, field-em ission breakdow n can be observed because th e  em ission is 
from the  m etal Ferm i energy into the  a-Si:H conduction band. M easurem ents have been 
carried  out by Snell et al. in  1979 [51], In  th is  study, the  analysis of the  resu lts  was based 
on the  theoretical w ork of Padovani and  S tra tto n  in  1966 [52]. For ligh tly  doped a-Si:H, 
field em ission is observed a t reverse b ias of 12.5 V, w hereas m ore h ighly  doped sam ples 
exhibit field em ission a t  4.5 V, and  these resu lts  obtained are consistent w ith  the  analysis.
The characteristics of th e  forw ard bias current-voltage are  th e  m ost efficient w ay of 
characterising  the  barrier. The cu rren t density  (J) w ith  reference to crystalline 
sem iconductor can be expressed as [53]:
J = J s e x p l& ) \ 1 - exp{ - ^ ^  (2-30)
w here J s  is th e  reverse-bias sa tu ra tio n  cu rren t density. The above equation for V 
g reater th a n  3kT fq  is usually  w ritten  as:
J  = JS exp\ | (2 .31)
The equations above are  independent of w hether the  cu rren t tran sp o rt is 
therm ionic em ission or diffusion lim ited. I f  th e  tra n sp o rt is lim ited by therm ionic emission, 
then:
J s = A **T2 exp \ - ^ \  (2.32)
42 Literature Review
The expression for diffusion-limited transport from Rhoderick [53] is:
J s ~ q N c P F t,exp q<f>B
kT
(2.33)
w here g  is the  electron mobility, FM th e  m axim um  field, and N c th e  effective density  
of s ta tes  in  the  conduction band.
2.2.2.2 Silicide Formation at the Interface of Metal and a-Si:II
There is relatively  little  work which correlate electrical p roperties w ith  s tru c tu ra l 
changes occurring a t  the  interface of m etal/a-Si:H . The lack of inform ation on these 
changes has  led to reports of wide d iversity  in  electrical properties. In  fact, knowledge of 
the  various possible reactions of m etals and  c-Si should have been enough to forew arn of 
such possibilities.
Consider firs t the  type of in teractions which occur for m etals deposited on c-Si [54, 
55]. Two effects have been predom inantly  observed. For m etals w hich form silicide 
compounds, in teractions often occur which lead to silicide form ation a t th e  m etal-silicon 
interface. In  order to form a silicide of th ickness g rea ter th a n  10 0  A i t  is necessary to 
anneal a t  tem pera tu res rang ing  from 200°C to 600°C [55]. For m etals w hich do not form 
silicides, atom ic interdiffusion often occurs.
The m ost d ram atic  in terfacial in teractions have been observed for pallad ium  (Pd) 
on a-Si:H [56]. I t  w as determ ined th a t  - 2 0  A of Pd reacted  to form P d 2Si after Pd had  been 
deposited on a-Si:H. A nnealing a t  less th a n  200°C causes fu rth e r grow th of th a t  phase, 
w hereas annealing  g rea ter th a n  200°C resu lts  in  the  form ation of second phase of Pd2Si. 
F u rth e r  annealing  to h igher tem pera tu re  induces the  silicon to become crystalline. I t  was 
also found th a t  w hen Pd w as deposited on a-Si:H th a t  had  been oxidised in  a ir for several 
weeks, no sign of silicide form ation w as detected.
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The electrical properties of th e  Pd/a-Si:H  diodes also reflect the  changes due to the  
s tru c tu ra l in teractions [57,58]. In  both cases good rectification is observed, the  reverse-bias 
sa tu ra tio n  cu rren t is reduced following annealing. More d ram atic is th e  change in  ideality  
factor (n ). A t 200°C all th e  m etal is consum ed and  the  n reaches a  va lue  of 1.05. This is as 
low as is obtained from c-Si diodes. Thus the  interface in tegrity  is sim ilar in  both cases.
A num ber of studies have been done on silicide form ation in  m eta ls including Cr, 
nickel (Ni) and  p la tinum  (Pt) th a t  are  know to form silicides [59,60]. For the  m etals th a t  
form silicides, i t  was found th a t  atom ic interdiffusion, which resu lted  in  a  disordered 
phase, often preceded th e  silicide form ation. Moreover, it  appears th a t  th e  reactions occur 
a t  tem pera tu res sim ilar to those of c-Si. For m etals such as gold (Au) and  alum inium  (Al), 
there  w as evidence of sligh t atom ic interdiffusion a t room tem pera tu re , and upon 
annealing  betw een 20 0°C and 250°C large (~ lpm  -diam eter) islands of c-Si w ere observed 
[61,62]. W ith such d rastic  s tru c tu ra l changes it  would be expected th a t  d ram atic  varia tions 
in  the  b a rrie r  properties should to be observed. This is the  case for Al diodes w here nearly  
ohmic behaviour is observed after annealing  b u t is not tru e  for Au diodes. The Au diodes 
exhibit a  lower ideality  factor following h e a t trea tm en t.
U nfortunately  there  is very little  d a ta  concerning the  in terac tions betw een other 
tran sitio n  m etals w ith  a-Si:H, b u t com parisons w ith  the  resu lts  obtained for c-Si m ay lend 
in sigh t into the  problem. M ost of th e  m etals oxidise more rap id ly  th a n  th e  n ea r noble 
m etals. In  order to assu re  th a t  an  oxide-free interface is obtained, g rea ter care m u st be 
taken . I f  an  oxide-free interface is obtained, i t  is likely th a t  the  strong  m etal-silicon 
bonding will preclude atom ic in terdiffusion for g rea ter th an  -10 A from  th e  interface. 
A nnealing a t tem pera tu res  g rea ter th a n  400°C should be required  to form  a stoichiom etric 
silicide. However, a t th is  tem pera tu re  the  hydrogen will evolve from  th e  a-Si:H [63] and 
cause deterioration  of the  electrical properties.
The general outcome of all the  stud ies is th a t  atomic in terdiffusion or silicide 
form ation will occur for alm ost all m etals deposited on clean surfaces. The interdiffusion 
occurs even a t  300 K  and  can often resu lt in  a  stable silicide compound form ing a t the  
interface. Thus i t  will no t be appropriate  to model the  interface in  term s of the  m etal work 
function alone, b u t the  w ork function of the  m etal-silicon s tru c tu re  a t  the  interface m ay be
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im portan t. The im provem ent of th e  ideality  of th e  diodes w ith  silicide form ation can be 
attributed to two effects. The firs t being the  elim ination of surface defects on a-Si:H and  the  
second, due to the  form ation of a uniform  silicide interface.
2.3 Ion Im plantation Review
The unique fea tu re  of sem iconductors th a t  m akes them  so useful for electronic 
devices is ability  to ta ilo r th e ir  conduction properties by in troducing sm all quan tities of 
dopant atom s. Therefore, a  large am ount of effort has been expended in  the  quest for a 
m ethod to introduce the  dopant th a t  is controllable, reproducible, and  free from 
undesirable side effects.
In  early  work, dopant w as diffused into the  w afer from a surface source such as a 
doped glass. The dopant concentration a t  th e  surface was m ain ta ined  a t  th e  solid solubility 
in  order to achieve reproducibility. However, th is  m ethod seriously lim ited  the  range of 
dopant d istribu tions th a t  could be obtained. D uring the  1960s, the  new  m ethod of ion 
im plan ta tion  w as developed, which largely satisfied the conditions of controllability and 
reproducibility, and over the  p a s t th ree  decades th is  has become the  m ethod of choice for 
fabricating in teg rated  circuits.
Ion im plan ta tion  is a technique in  which fast moving energetic charged ions are 
directly injected into a m ateria l. This technique offers precise control over the  
concentration and  depth  of the  im planted  layer. In  addition, i t  is very  reproducible and can 
be used for in troducing im purities into selected areas by m asking procedures and  varying 
the  ion energy. As a consequence, th is  process can, in  principle, be used  to dope or modify 
the  n ea r surface regions of m ateria ls. This w ork has clearly dem onstrated  its  considerable 
poten tia l in  the  form ation of shallow  am orphous silicides and m odification of b a rrie r  
height. D etails of the  ion im plan ta tion  as a doping technique are  dealt w ith  elsew here [64]. 
The em phasis here  is placed on a discussion of how the  im plan ta tion  has  evolved as a 
m ajor tool in  th is  work.
W hile our w ork done on ion im plan ta tion  as a doping technique h as  been concerned 
w ith  the  introduction of im purities by direct im plantation  for m odifying th e  height of the
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Schottky barrier, recoil im p lan ta tion  h as  been used as an  im portan t m ethod for producing 
shallow surface layers. In  con trast to direct im plan ta tion  w hen th e  incident ions all strike  
the  ta rg e t in  a specific direction, th e  preponderance of low energy recoils following a 
collision cascade process po ten tia lly  in troducing som ew hat g rea ter m om entum  d istribu tion  
of recoiled particles. This phenom enon in  effect provides a  m uch b e tte r  control of profiles 
due to th e  underm ining  dependency of the  profile on crystal o rien tation  and  allows shallow 
dopant layers to be formed. This m ethod has  evolved to enable the  form ation of silicides.
Of im portance to the  discussion of ion im plan ta tion  processing of sem iconductors is 
consideration of the  im purity  range d istribu tions th a t  can be obtained by th e  im plan tation  
process. This is due to the  collisional n a tu re  of the  ion im plan tation  th a t  m akes it  a violent 
technique, th u s  in troducing disorder and  rad ia tion  dam age. The collision of th e  ions w ith  
the  ta rg e t atom s displace them  from th e ir  equilibrium  lattice sites. The m inim um  energy 
th a t  should be tran sferred  to an  atom  to be displaced is about 20 eV. I f  th e  knoek-on-atom  
has  enough energy i t  can create o ther displacem ents, giving rise  to a  collision cascade 
process, as m entioned above.
W hen an  accelerated ion moves into a  surface it  suffers m ultip le collisions w ith  the  
host atom s w hilst it  p en e tra tes  into th e  m ateria l. This causes th e  im plan ted  particle  to be 
deflected in  a  random  direction depending on th e  n a tu re  of collisions incurred . A schem atic 
of the  penetration  of an  ion in to  a  solid is shown in  figure 2.17(a). The pene tra tion  of ions 
into a  solid is governed by an  elastic in teraction  w ith  the ta rg e t electron system . V ia th is 
process, ions lose energy in  solids in  two ways, by nuclear and electronic in teractions. The 
physical in teractions th a t  cause th e  ions to gradually  slow down and  eventually  come to 
re s t a t  some dep th  w ith in  the  solid can be m odelled. D etailed discussion on th e  theory  of 
how ions are  stopped in  solids is given in  th e  lite ra tu re  (e.g. LSS theory  [65]. Range 
concepts and  heavy ion ranges [6 6]).
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(a) (b)
Figure 2.17 P enetra tion  of ion beam  showing (a) projected range and th e  actual d istance 
travelled  and (b) im planted  profile showing G aussian  curve.
The dep th  d istribu tion  of the  im planted  ion is a  function of the  ion energy and  
m ass, and  of th e  atom ic num ber of both  th e  ion and the  ta rg e t atom s. The ions im planted  
into an  am orphous ta rg e t are  stopped by a random  process, and the  d istribu tion  of the  
im planted  ions can be approxim ated to a  G aussian  profile [65], see figure 2.17b. This 
d istribu tion  is characterised  by the  s ta tis tica l coefficients such as th e  m ean projected 
range, Rp, and  the  s tan d ard  deviation of the  range, ARP. There are  a  num ber of calculations 
[67,68] such as SUSPRE, existing th a t  estim ate  RP and ARp for a  given ion species. In  th is 
work, a com puter program  TRIM  (The T R ansport of Ions in  M atter) [69], w as used for 
estim ating  both these param eters , which will be described la te r  in  section 2.4.
Ion im plan ta tion  in  am orphous silicon m ay be used to in troduce im purities to a 
depth  depending on ion energy and m ass. This m eans th a t  the  energies requ ired  to form a 
shallow layer using  ligh t ions such as boron and  phosphorous m ust be low. W hen the  
im planted  ion energy falls below ~20 eV, th e  ion is trapped  by the  solid and  any 
subsequent m otion is due to therm al diffusion [70]. The diffusion coefficient of the 
im planted  ions in  am orphous silicon should be low as so to achieve reproducibility  by 
m ain ta in ing  the  shallow dopant concentration a t the  surface w hen tim e-tem peratu re
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cycles are  being applied. I t  should be noted th a t  th e  ion im plan ta tion  process can also be 
used to advantage in  im planting  species which would be difficult to diffuse.
T here is however a  d isadvantage of using im planted dopants. The principle side 
effect associated w ith  the  ion im plan ta tion  process is the  d isruption  of th e  silicon lattice 
caused by ion collisions which usually  requ ires a  therm al anneal step  to remove. Following 
a therm al anneal, h igh electrical activities can be obtained for some useful dopants such 
as phosphorus and arsenic. In  some cases, it h as  been found th a t  the  im plan ted  doses are 
so high th a t  the  am orphous silicon becomes electrically active prior to any  annealing  [71]. 
However, if  th e  dose is very low and  the  dam age density  is relatively  low, one would expect 
to see a dependence of the  electrical activity  on the  annealing  tem p era tu re  in  a  more 
closely controlled m anner.
Such observations clearly indicate th a t  ion im plantation  satisfies th e  conditions for 
a  generally  viable and  useful doping process. The idea of doping sem iconductors using  ion 
im plan ta tion  w as pa ten ted  by Shockley a t  Bell Labs in  1954 [72]. E arly  w ork h as  been 
sum m arised by Gibbons, [73] covering developm ents up to 1968. An overview of work since 
th en  can be found in  th e  proceedings of In te rnationa l Conferences on Ion Im plan ta tion  [74] 
and the  Conferences on Ion Beam  M odification of M aterials [751, and  in  various o ther 
books[76]. By ad justing  the  acceleration voltage, the  average dep th  can be controlled. 
High-dose and  high-energy im plan ts have been used to form buried  layers of different 
m ateria ls. Ion energies commonly range from 1 keV to 1 MeV, resu lting  in  ion 
d istribu tions w ith  average depths rang ing  from 100 A to 10 pm. Doses range from 1012 ion 
cm*2 for th resho ld  ad ju stm en t to 1018 ions cm -2 for buried  insu la to rs. New, low energy 
m achines have been designed to allow very shallow dopant layers to be form ed, leading, in  
the  lim it, to ion beam  deposition system s. A varia tion  of the  im p lan ta tion  technique is to 
use a focused ion beam  [77]. This can be used to w rite  dopant p a tte rn s  w ithou t the  need for 
a m asking  layer to define th e  areas.
The above review  points out th e  im portance of research  concerned w ith  re la ting  
these effects to the  efficacy of the  form ation of shallow  regions. By control of th e  ion energy 
and  by use of su itab le  bom barding species, i t  is possible to achieve the  specific im purity  
and defect concentration-depth profiles w ith  g rea t precision and good la te ra l uniform ity. 
C urren tly  th e re  is no universally  accepted ion species to dope am orphous silicon w ith
48 Literature Review
complete dam age recovery a t  an  optim um  annealing  tem pera tu re . I t  is the  subject of th is  
study  to look into these effects and to investigate the  properties of d ifferent dopant 
im purities using  various ion energies. In  addition, we have also stud ied  the  dam aging 
effect as a  function of annealing  tem p era tu re  in  an  a ttem p t to determ ine th e  optim um  
annealing  tem pera tu re . The best m ethod of investigating  the  effect of dopants on the 
form ation of shallow  layer is to com pare sam ples w ith  different, uniform , and controlled 
concentrations of dopants incorporated during  growth. In  th is  study  we have used various 
common dopants such antim ony, phosphorus, arsenic, indium , boron and  boron diflouride. 
M oreover, in e rt ions such silicon and  xenon w ere also used as a  com parison betw een 
dopant and  n e u tra l im plantations.
2.3.1 Recoil Implantation
In stead  of the  dopant being im planted  directly as in  th e  s ta n d a rd  im plan tation  
process, recoil implantation m akes use of the  energy tran sfe r from th e  p rim ary  ions to the  
im purity  deposited as a  th in  film  on the  substra te . Through a proper com bination of the  
ion beam  energy and the  dopant film th ickness, an  extrem ely steep and  m onotonically 
decreasing dopant profile can be achieved as shown in  figure 2.18(b) [78].
Recoil im p lan ta tion  from layers deposited onto the  surface of a  sem iconductor 
seem s to be a prom ising a lternative  to direct im plan tation  for in troducing a reproducible 
and  controlled am ount of dopant in  the  close vicinity of the  surface. Com pared w ith  
conventional im plan tation , th is  technique has the  advantages of yielding steeper im purity  
profiles and  requires only electrically in e rt ion beam s which are  easier to obtain. This 
m ethod, therefore, m ay have im portan t applications in  device technology, for exam ple in  
the  form ation of very shallow junctions in  VLSI circuits.
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F ig u re  2.18 A schem atic d iagram  of recoil im plantation.
The study  of recoil im p lan ta tion  is of considerable in te res t as i t  provides a  m eans of 
introducing im purity  atom s into silicon th a t  is no t achievable by conventional m eans [7 9 ]. 
Furtherm ore , th e  resu lting  doping profile could be very ab ru p t as suggested by C hristel 
[80] and  of a  h igh carrier density, which would appear to be ideally  su itab le  for shallow 
junction  shown by S hannon (1976) [47] and  la te r  Kwok et al. [81].
The above recoil im p lan ta tion  w ork involved crystalline silicon, m ost of the  
experim enters have shown th a t  recoil im p lan ta tion  could be the  fu tu re  tool for form ation of 
shallow  layers of silicides. Recoil im p lan ta tion  involving am orphous silicon has  not been 
widely stud ied  and  th ere  are  only a few publication based on direct im p lan ta tion  of a-Si:H 
[19].
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2.4 The TRansport of Ions in Matter (TRIM ) Program
TRIM is an  acronym  for T R ansport of Ions in  M atter and  is su itab le for 
determ ining not only the  ion range b u t also the  dam age d istribu tions as well as the  
num ber of backscattered  and tran sm itted  ions. I t  allows more rigorous tre a tm e n t of the  
effects of elastic  scattering , and  an  easy determ ination  of energy and  an g u la r d istribu tions 
of ions as they  slow down. W ith the  use of the  sim ulation program  TRIM, we are  able to 
calculate the  num ber of recoil atom s from a film following various different ion 
bom bardm ent and  also all kinetic  phenom ena associated w ith  th e  ion’s energy loss: ta rg e t 
dam age, spu ttering , ionisation, phonon production and  atomic distribu tions.
The TRIM  sim ulation  program  follows the  energy, position and  direction of a  large 
num ber of individual ion histories as they  move through the  m ateria l. The particle 
changes direction as a  resu lt of m any nuclear collisions, loses energy u n til it  drops below a 
specified value a t  which poin t the  particle  ha lts . In  our calculations we assum ed a 
threshold  displacem ent energy of 20 eV.
The ta rg e t is assum ed to be am orphous, and  therefore crystal la ttice  effects can be 
ignored. Hence, channelling is not included in  the  TRIM sim ulation. This package 
consumes alot of com putation tim e and the  atom ic profile following a  single energy im plan t 
w hich can take  several hours to calculate.
A value for ion dam age induced in  the  am orphous m ateria l w as obtained from 
calculations using  the  modified Kinch in-Pease model [82] and expressed in  D isplacem ents 
P er Atom (DPA). A u n it of 1 DPA m eans th a t, on the  average, every atom  in  the  affected 
volume has been displaced from its  equilibrium  lattice site once. Therefore, th e  ion dose 
was m ultiplied w ith  a  calculated num ber of collisional displacem ents per ion per u n it 
depth, and divided by the  atom ic density  of the  m ateria l. I t  is im portan t to note th a t  the 
induced dam age, expressed in  DPA, is a  m easure  for the  additional d isorder on top of the  
in h eren t disorder in  th e  am orphous m ateria l. As an  example, the  num ber of displaced 
atom s, in  te rm  of vacancies, as calculated by K inchin-Pease theory  is shown in  figure 2.19 
for 10 keV Si and 15 keV Xe respectively. For comparison the  corresponding range 
d istribu tions are  also showed in  figure 2.19 respectively, note the  different depth  
d istribu tion  for displaced atom s and for the  stopped ions.
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F ig u r e  2.19 DPA distribu tions created  by 10 keV Si and 15 keV Xe are  indicated  as («) 
and  (•), respectively. For com parison th e ir  corresponding range d istribu tions are  shown 
and  denoted as (□) and  (o), respectively.
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C h a p t e r  3 
S a m p l e  Preparation a n d  E x p e r i m e n t a l  T e c h n i q u e s
Ion im planted  a-Si:H sam ples w ith  several k inds of im purities (Sb, P, As, B, BF2, N 
and  In) w ere characterised  by current-voltage m easurem ent, R utherford  backscattering  
spectrom etry and  four-point probe m easu rem en t techniques. In  th is  chapter, we begin w ith  
a  b rie f description of the  deposition technique used to grow a-Si:H and  th en  give an  
account of the  steps used  to fabricate th e  sam ples. An overview of th e  experim ental 
procedures is th en  given followed by a description of each of the  techniques used.
3.1 Deposition Technique
All the  sam ples used  in  th is  work consisted of nom inally undoped hydrogenated 
am orphous films (a-Si:H) films w ith  a  hydrogen content of ~9 atom ic %. The a-Si:H layers 
w ere in  th e  form of th in  films of different th icknesses deposited on Corning glass substra tes  
and w ere grown a t the  Philips R esearch Laboratory  in  Redhill by using  a plasma enhanced 
chemical vapour deposition (PECVD) reactor, som etim es known as glow discharge system . 
This is th e  m ost common deposition technique for depositing a-Si:H layers. F igure 3.1 
shows a schem atic d iagram  of a typical PECVD deposition system .
A glow discharge of a  gas can be created  by using  either a  dc or a  r f  electric field. In  
a  dc glow discharge electrons are  created  by th e  im pact of positive ions th a t  collide w ith  
the  cathode. These electrons are  accelerated back into the glow and  ionise molecules. The 
energy gained by th e  electrons comes from th e  applied electric field. However, in  a  r f  type 
discharge the  electrons gain  energy from the  tim e varying fields a t  alm ost any plasm a- 
surface boundary, in  the  bu lk  p lasm a, or from th e  cathode electric field. Consequently, r f  
discharges can be operated  a t  lower p ressu res th a n  dc discharges. The deposition reactors 
are usually  capacitive consisting of two para lle l electrodes w ith in  a  s ta in less steel cham ber 
w ith in  which the  p lasm a is confined. P u re  silane a t  substra te  tem p era tu res  betw een 200°C 
and  300°C and a t low r f  power is know n to give the  best a-Si:H film  properties.
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The PECVD system  used  in  the  Philip  R esearch Laboratory uses th e  r f  discharge in  
which i t  is possible to dissociate silane molecules a t low tem pera tu res. The r f  voltage 
applied betw een the  cathode and  anode produces a  plasm a. The hydrogenated  am orphous 
silicon is form ed by th e  p lasm a assisted  reaction betw een silane and  hydrogen. The 
th ickness of th e  a-Si:H film  varies in  th e  range of 0.5 pm to 2 pm. The film  deposition 
tem pera tu re  w as 250°C. Following th is, th e  a-Si:H films were th en  p repared  for use in  the  
experim ents. The nex t section describes the  sam ple p repara tion  used in  th is  study.
Gas M ixing S ystem
Figure 3.1 Schem atic d iagram  of a  typical capacitance coupled glow discharge or 
PECVD system  for depositing a-Si:H and  alloys designed by K nights J.C . [83].
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3.1.1 Sample Preparation
The in trin sic  hydrogenated am orphous films which have been deposited by m eans 
of PECVD process were m ainly  p repared  for two different sets of experim ents. In  the  firs t 
set, a-Si:H films have been m ade into diodes for use in  the current-voltage m easurem ents. 
T hroughout the  re s t of th is  thesis, these  sam ple s truc tu res will be referred  to as Schottky 
diode structures, or sim ply diodes. In  th e  second se t of experim ents, th e  sam ple s tructu res 
on which sheet resistance or four-point probe m easurem ents were m ade a re  term ed sheet 
resistance structures.
For th e  I-V m easurem ents, the  m etal-a-Si:H  Schottky b a rrie r  h as  been developed 
as a useful tool for characterising  the  electrical property  of the  surface layer in  the  a-Si:H. 
This is necessary because the  electrical characterisation  of the  surface layer is often 
complicated by the  com bination of a shallow  layer and  a sm all num ber of free carriers. I t  is 
possible to m ake use of the  Schottky diode since the  m agnitude of th e  cu rren t flowing 
through  a b a rrie r  m ade on a sem iconductor can be rela ted  to th e  electric field a t  the  
surface of th e  sem iconductor [1 ].
T hree types of Schottky diode sam ples (types I, II and III) have been grown using 
different sequences of p repara tion  steps. The steps used to fabricate Schottky diodes w ith  
surface layers are  shown in  figure 3.2. The firs t step  used for all th ree  types of the  diode 
struc tu res is the  sam e. These sam ples were firs t formed by depositing a  100 nm  of heavily 
phosphorous-doped n + a-Si:H followed by a 0.5 pm, 1 pm or 2  pm of undoped a-Si:H onto a 
chrom ium  (bottom ohmic contact layer) on Corning 7059 glass su b s tra te  to give the  
struc tu re  shown in  figure 3.2(a). The m ain  reason  for the  n + a-Si:H layer is to ensure  a  low 
resistance of th e  back contact w ith  the  bare  a-Si:H layer.
Surfaces of types I and  II sam ples w ere th en  im planted  w ith  e ithe r dopant or 
n eu tra l im purities over a  dose range of 2 x l0 12 to lx lO 14 ions cm*2 u sing  low energy of e ither 
10 or 15 keV. The m ean ranges were typically -15  nm  and the  peak  dopan t concentrations 
w ere betw een 1018 and  5 x l0 19 atom s cm*3. In  order to fabricate the  Schottky diode a  top 
m etal contact has  to be deposited on the  a-Si:H surface.
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F ig u re  3.2 P repara tion  of th ree  types of Cr/a-8 i:H Schottky diode sam ples showing 
different processing steps.
Type I: Top m eta l deposition after ion im plantation.
Type II: Following im plantation , w afers w ere annealed prior to top m etal deposition 
Type III: Ion im plan ta tion  th rough  th e  m etal layer.
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For th e  type I sam ples, a  chrom ium  layer w ith  th ickness of e ith e r 25 nm  or 60 nm  
w as sp u tte r  deposited on a-Si:H surface following im plan tation . J u s t  prior to th is  
m etallisa tion  process, the  sam ples w ere wet-etched by dipping in  d ilu ted  (1 0 :1 ) hydrofluoric 
acid (HF) for 15 seconds to rem ove any contam ination and in terfacial oxide layer which 
m igh t have formed. A H F-cleaned a-Si:H surface should p reven t surface oxidation as oxide 
does not grow for several hours a t room tem pera tu re  unless w ater and  oxygen are p resen t 
on the  cleaned surface. The chrom ium  film  w as th en  defined photolithographically  to give 
diodes w ith  a  range of sizes. The final s tru c tu re  is depicted in  figure 3.2, type 1(d).
In  order to study  the  effect of annealing  prior to m etallisa tion , th e  second type of 
sam ple w ith  struc tu res shown in  figure 3.2, type 11(b), w ere f irs t subjected to therm al 
tre a tm e n t in  an  oven a t  a  tem p era tu re  of 250°C, see type 11(c), before a  top m etal layer w as 
sp u tte r  deposited onto th e  undoped a-Si:H following rem oval of th e  oxide in terlayer using  
th e  sam e dip etch procedure to give the  s tru c tu re  shown in  type 11(d). The top contact a rea  
w as th en  defined in to  devices w ith  a surface a rea  of e ither 535 pcm2, 487 pcm2 or 58.2 pcm2.
For the  th ird  type of diodes, th e  s tru c tu res  have been m ade in  which a m etal layer 
w as deposited onto the  surface layer (after dip etched in  HF) and  th en  followed by h igh 
energy ion im plan ta tion  a t  150 keV th rough  the  m etal layer. These second and th ird  
processing steps produced s tru c tu res  shown in  figure 3.2, types 111(b) and  (c), respectively, 
which w ere th en  defined into diodes.
The second batch  of sam ples used  for four-point probe m easurem ents was m ade up 
of two different types of sheet resistance  structu res. B oth types of s truc tu res were 
consisted of 1 pm of nom inally in trin sic  a-Si:H deposited onto corning glass substra tes. 
They w ere e ither directly im planted  using  low energy (10 or 15 keV) th en  followed by a top 
m etal layer deposition or w ere recoil im plan ted  using  high energy of 150 keV through  the  
m etal layer into a-Si:H. The top m etal layer w as e ither chrom ium  or molybdenum. F igure
3.3 shows the  steps used to produce these  two structu res. Again, ju s t  before m etallisation 
process, the  sam ples underw en t a  H F  cleaning procedure. The presence of an  oxide 
in terfacial layer can produce a significant diffusion b a rr ie r  and  it been found th a t  
unetched a-Si:H left in  the  a ir  for several weeks showed no silicide form ation [57]. 
Consequently, the  a-Si:H surface tre a tm e n t is essentia l for good control of the  silicide 
form ation.
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Type I Ion Bombardment (10-15 keV)
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Figure 3.3 Preparation of the sheet resistance samples.
Type I: Direct implantation onto bare a-Si:H prior to metal deposition 
Type II: Recoil implantation through the metal layer onto a-Si:H.
Following the sample preparation described above, the samples were annealed 
using an optical furnace a t different temperatures between 200°C and 350°C for 30 
minutes to form the amorphous silicides shown in figure 3.4(a). In order to measure the 
sheet resistance of the silicide layer, any excess metal has to be removed leaving the 
silicide layer. The unreacted chromium was removed using a selective differential etching 
solution. This etching solution contains a mixture of ammonium eerie nitrate, water and 
nitric acid with a volume ratio of 100 g: 490 ml: 10 ml [84]. Whereas, the excess 
molybdenum was etched using an etchant containing orthophosphuric acid, acetic acid, 
nitric acid and water (400 ml: 25 ml: 25 ml: 50 ml). After etching, the sheet resistance of 
the silicide layer formed at the interface was measured using a four-point probe technique.
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Corning glass Substrate layer
(a)
F ig u re  3.4 P rio r to four-point probe m easurem ent, the  sam ple w as annealed  to form a 
silicide layer shown in  (a) and  any excess m etal w as th en  rem oved using  a  selective 
etching solution to give the  s tru c tu re  shown in  (b).
3.2 An Overview of the Experim ental Procedures
T his section aim s a t  giving a sho rt account of the  experim ental procedures used in  
th is  study. This is followed by a m ore detailed  description of each of th e  experim ental 
techniques.
Ion im planted  surface layers w ere formed by using d irect im p lan ta tion  a t low 
energies and  recoil im plan ta tion  a t  150 keV from a th in  m etal film. D etails of the  sam ple 
p repara tion  w ere given in  previous section. Im plan ta tion  conditions (ion species, ion dose 
and  ion energy) have been varied  in  a  wide range to exam ine firstly, the  dam age recovery 
process, secondly, b a rrie r  he igh t modification, and th irdly, the  effect of ion dam age on 
silicide formation. The sam ples received after im plantation were cleaved into approxim ately 
1  cm x 1  cm square  pieces. Single anneals w ere th en  perform ed on ind iv idual sam ples in  an  
optical furnace, in  which a n itrogen  flow w as m ain tained  during  trea tm en t. Following 
annealing, electrical characterisation  w as m ade on the sam ples using  e ither current- 
voltage or four-point probe m easurem ent, depending on the  sam ple s truc tu res.
For th e  dam age recovery process, I-V m easurem ents w ere m ade on a ba tch  of 
Schottky diodes using  two gold probes w ith  the  aim  of determ ining the  electrical properties 
of surface layer. The I-V characteristics were m easured over a  range of anneal 
tem pera tu res and im plan ta tion  conditions. For the  tem pera tu re-dependen t I-V
-T  4______________Mjk Metal layer. Amorphous
a-Si:H layer
Corning glass Substrate layer
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m easurem ents, the  unannealed  sam ples were used as references aga in st which d a ta  on 
annealed  sam ples can be compared. From  the  m easurem ents tak en  from  these sam ples 
some varia tions were observed in  th e ir  electrical characteristics. By com paring th e  I-V 
characteristics, the  onset tem pera tu re  for th e  occurrence of the  best diode characteristic  
can be determ ined. For th e  dose-dependent electrical m easurem ents for a  given ion 
species, the  un im plan ted  sam ples w ere served as references instead.
For the  experim ents on b a rrie r  he igh t modification, I-V m ethod w as also used to 
m easure  the  effective b a rrie r  height changes following group V and  p-type im plantations. 
In  order to d istingu ish  betw een dopant effect and  dam age effect so as to verify th a t  the  
changes observed in  the  effective b a rrie r  heigh t using  dopant im p lan ta tion  w ere due to the  
dopant effect, im plan ts of in e rt ions w ere used to evaluate the  dam age effect. The 
experim ental procedure used here  w as essentia lly  the  sam e as th a t  employed for the  
dam age recovery process, b u t the  em phasis is placed on controlled b a rrie r  contact w ith  a 
th in  n + or p+ layer on an  in trinsic  a-Si:H for barrier lowering or barrier raising, respectively. 
From  the  diode characteristics, the  effective b a rr ie r  height and th e  ideality  factor can be 
determ ined. By com paring the  changes in  the  effective b a rrier he igh t of im planted  sam ples 
w ith  those of un im planted , the  percentage of active dopants w as calculated.
The form ation of am orphous silicide w as studied  by using  h igh  energy im plan tation  
through  a m etal layer as well as low energy im plan tation  into the  bare  a-Si:H. A single- 
step  annealing  process has  led to th e  form ation of am orphous silicide. The unreacted  m etal 
w as rem oved using  a  selective m etal etching before the  sheet resistance  m easurem ents 
were perform ed on the  annealed  sam ples. The resu lts  m easured  w ere p resen ted  as a plot 
of sheet resistance versus annealing  tem p era tu re  so as to compare the  sheet resistances of 
silicides following various im plants. In  these experim ents, the  reference sam ples were not 
bom barded. R utherford  B ackscattering  Spectrom etry (RBS) w as th en  used  to evaluate the  
num ber of im purity  atom s in  the  am orphous silicide. In  addition, th e  range of the  
im planted  ion and th e  am ount of dam age introduced were sim ulated  using  a TRIM 
sim ulation program . In  order to perform  the  sim ulations, it  is necessary  to know the  
thickness of the  deposited m etal layer. Thus, taly-step  was used to determ ine the  m etal 
layer thickness. From  the  m easured  and sim ulated  resu lts , a  rela tionsh ip  betw een sheet 
resistance and  recoiled m etal atom  concentration w as developed.
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3.3 Experim ental Techniques
In  order to rem ove defects, im p lan ta tion  is followed by an  annealing  process. H ere 
we explore the  efficiency of annealing  tre a tm en ts  of a-Si:H. This can be done by ex tracting  
the  electrical param eters  re la ted  to the  density  of the  induced dam age and  then  com paring 
these p aram eters  before and  after annealing. The param eters  of m ain  in te res t a re  the  
resistiv ity , the  shapes of the  J-V  characteristics and the  th ickness of the  silicide. In  
addition, the  changes in  the  b a rrie r  heigh t and  th e  electrical activity  of the  device w ere 
also determ ined. V arious m easu rem en t techniques and  two anneale r system s have been 
used for evaluating  these  param eters:
(1 ) A nnealer system s
(2 ) Talystep m easu rem en t of th in  film th ickness.
(3) Four-point probe m easurem ent of sheet resistance.
(4) C urrent-voltage m easu rem en t (I-V) of Schottky diodes.
(5) R utherford B ackscattering  Spectrom etry (RBS) to determ ine surface densities of
chrom ium  and m olybdenum.
3.3.1 Annealer Systems
F urnace annealing  on the  tim e scale of h a lf  an  hour w as carried  out in  a  n itrogen
am bient a t  tem pera tu res  rang ing  from 200°C to 350°C. In  th is  w ork two anneale r system s 
were used. Pre-deposition w afers w ere annealed  in  an  electrical furnace or oven a t  an  
anneal tem peratu re  of 250°C while all o ther sam ples were annealed  as a batch  in  an  optical 
furnace a t different tem pera tu res. The anneal tim e refers to th e  tim e in terval from the  
m om ent the  system  indicated  the  se t tem p era tu re  to w hen the  power supply to the  furnace 
was switched off. In  all cases, single anneals w ere carried  out a t different tem pera tu res.
In  the  electrical furnace, the  w afer w as em bedded onto the  centre of the  oven. The 
anneal tem pera tu re  of the  w afer w as being m onitored using a therm ocouple. Due to the  
h igh therm al m ass of th is  furnace design, th e  furnace ram ps up very slowly to th e  set
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tem pera tu re . I t  has a  rise  tim e of about 20  to 30 m inutes from room tem p era tu re  to 250°C. 
As the  system  is used for long-time anneals, the  ram p phases do not contribute as large an  
effect as it  does for short-tim e anneals. The furnace was found to be accurate w ith in  ± 5°C.
For the  optical furnace anneals, a  num ber of sam ples were positioned on a quartz  
boat and  in serted  in to  the  furnace using  a push-rod. T em perature  control w as by m eans of 
the  therm ocouple as p a rt  of a  feedback loop linked to the  transform er regu la ting  power to 
the  furnace. The furnace has  a constan t ram p up tim e of 15 seconds. The p la teau  anneal 
tem pera tu re  readings of th is  annealing  furnace w ere held to an  accuracy of ± 5°C over the  
en tire  range of anneal tem pera tu res u n dertaken  in  th is  work.
3.3.2 Talystep Measurement
The technique th a t  h as  been u tilised  to m easure the  th icknesses of the  deposited 
chrom ium  and m olybdenum  m etal th in  films is R ank Taylor-Hobson talystep . This 
technique uses a  sty lus in stru m en t for accurate m eans of th ickness m easu rem en t of th in  
deposit in  the  range of 50 A to 5 pm. The m easuring  u n it consists of a  pick-up stylus, an  
ad justab le  w ork stage, a  view ing microscope, an  electronic u n it and  a recorder. Pick-up 
heigh t relative to the  w ork stage is ad justed  by a m icrom eter screw. The work stage is 
w here the  sam ple to be m easured  is placed. I t  can be moved horizontally  in  two directions 
by m icrom eters and  vertically  by two abu tm ents by m eans of which it can be tilted  from 
side to side and from front to back. The in stru m en t is m ounted on an  anti-v ibration 
platform  which is designed to give good isolation from floor vibrations.
This in s tru m en t m easures the  th ickness by traversing  the  sty lus e ither across a 
te s t  groove form ed in  the  deposit or over the  edge of a  th in  film. V ertical m ovem ent of the  
stylus is am plified electronically and recorded as a  graphical rep resen ta tion  of the  
differences in  level betw een the  surface of th e  su b stra te  and  the  film  on electro-sensitive 
paper. To some ex ten t the  in stru m en t will also reveal the  surface roughness of a  lim ited 
range of surfaces. The su b s tra te  m ust generally  be smooth so th a t  the  th ickness of the  
deposit can be m easured  w ith  m uch b e tte r  accuracy. O ther factors w hich will also affect
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th e  accuracy of th e  m easurem ents are  v ibration  and  stab ility  as they  m ay cause the  stylus 
to bounce m om entarily  off the  surface w ith  corresponding flicks of th e  pen  across the  chart 
paper. I t  is therefore necessary  to keep the  pen still on the  paper w hen the  pick-up is 
sta tionary  and  m ain ta in  the  in stru m en t under quiescent conditions du ring  m easurem ents.
F igure 3.5 shows an  exam ple of th e  recorder graph  which w as scaled accordingly. 
H orizontal m agnification of th e  graph, i.e. th e  ra tio  of the  length  of the  g raph  to the  length  
of the  surface m easured, is determ ined by the  speed of traverse  of th e  pick-up. Three 
speeds of pick-up traverse  are  provided giving horizontal m agnifications of the  recorder 
g raph  of x50, x2 0 0 , x2 0 0 0 , respectively. E igh t different m agnification factors of the  vertical 
m ovem ent of the  ta lystep  stylus can be selected.
Prior to m easurem ent, i t  is necessary to “se t up” the  Talystep. The se tting  up 
procedure is p rim arily  one of positioning th e  sam ple to select the  portion to be m easured, 
and tilting  th e  w ork stage to level th e  sam ple surface so th a t  the  sty lus is given an  
accurate traverse  across th e  surface. I f  th e  surface is inclined relative to th e  p lane of stylus 
m ovem ent, the  g raph  will be inclined relative to the  chart scale and  w ill be difficult to 
assess.
F irstly , the  top and  sides of the  w ork stage were thoroughly cleaned using  a soft 
cam el-hair b ru sh  and  acetone to rem ove any grease and dirt, and th en  w iped dry using  a 
filter paper. This cleaning procedure w as necessary  because particles of d u s t on the  work 
stage m ay p reven t the  sam ple from seating  correctly. The m icrom eters and  abu tm ents 
were th en  operated to ensure  th a t  the  work stage w as substan tia lly  fla t and  th a t  the  work 
stage could move sm oothly throughout the  fully range of m ovem ent in  both  horizontal and  
vertical directions. The m icrom eters were th en  left a t  th e ir  m id-positions.
The w ork stage res ts  on a base directly in  line w ith  the  sty lus in  its  mid position. 
The sam ple w as th en  placed on th e  w ork stage, w ith  the  portion to be m easured  un d er the  
stylus. Any d irt on its  surface will affect the  accuracy of the  m easurem ents. Hence, care 
was tak en  to ensure  th a t  th e  sam ple had  a clean, dust-free surface. The sam ple w as 
flushed w ith  dry n itrogen gas to rem ove any dust and d irt from its  surface.
Following th is, th e  pick-up heigh t ad justm en t screw w as th en  tu rn ed  to bring  the  
stylus onto the  surface of the  sam ple, tak ing  care th a t  the  sty lus does not b reak  the  
sam ple. In  doing so, there  w as a force acting on its  surface called sty lus force, which is
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defined as th e  force w ith  which the  sty lus bears on the  sam ple surface w hen i t  is 
positioned to bring  the  recorder pen to the  centre of the  chart paper. F u r th e r  fine-tuning of 
the  work stage m icrom eters w as perform ed u n til th e  sam ple w as correctly positioned w ith  
respect to the  stylus. The change in  operative force acting on the  sty lus from  one side of the 
chart to th e  o ther reflects the  change in  th ickness of the  sam ple surface as th e  pick-up w as 
moved across the  specim en. By m easuring  step  heigh t of the  two levels, the  th ickness of 
the  deposit can be determ ined.
Several ta lystep  m easurem ents were perform ed for each sam ple so as to acquire 
sta tistica lly  b e tte r  d a ta  as we are  in  effect averaging a num ber of m easu rem en ts from an  
individual sam ple. In  consistent w ith  the  nom inal thickness of th e  deposited m etal th in  
films expected from the  grow th param eters , the  resu lts  of the  m easu rem en ts give the  
m easured  th ickness of 600 A for both  chrom ium  and m olybdenum  films. F igure  3.5 shows 
a  recorder g raph  obtained from the  m easurem ent of an  as-deposited chrom ium  sam ple. 
The m easured  th ickness w as th en  used  in  the  TRIM  program  for the  sim ulation  of ion 
bom bardm ent th rough  th e  m etal film onto the  a-Si:H, as discussed in  chap ter 2 .
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F ig u re  3.5 A recorder g raph  giving inform ation on the  th ickness of a  deposited 
chrom ium  m eta l film on a-Si:H layer. The th ickness of the  chrom ium  deposit is obtained by 
calculating the  step  height of the  two levels.
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3.3.3 Four-Point Probe M easurement
In  com bination w ith  the  optical annealing  furnace, th e  four-point probe technique 
proved to be a convenient m ethod to study  the  effect of annealing  tem p era tu re  on m etal 
silicide form ation and  also for the  m easurem ents of sheet resistance [85]. The four-point 
probe has been used  extensively to m easure  the  sheet resistance of bu lk  silicon as well as 
epitaxial, diffused and  ion im planted  layers. I t  m ay be used over th e  im plan ted  dose 
rang ing  from 1 0 13 to 1 0 16 ions cm'2, corresponding to sheet resistance rang ing  from 1 0 1 to 
104 Q □ -1. An accuracy of ± 0.1% m ay be achieved w hen care is tak en  although values 
closer to ± 1 % over the  dose range of 1 0 14 to 1 0 16 ions cm '2 are  m ore typical [86].
Following th e  rem oval of the  unreacted  m etal from the  annealed  sam ple using 
selective chemical solution, the  sheet resistance of the  silicide layer form ed in  a-Si:H w ith  
struc tu re  given in  figure 3.4(b) w as m easured  using  a K eithley Model 530 system . This 
system  consisted of a  precision cu rren t source, a  digital voltm eter, and  a switching circuitry  
for sw itching th e  cu rren t to voltage or cu rren t probes and for reversing  the  direction of 
cu rren t flow. The system  incorporated a four-point in-line probe to m ake contact w ith  the 
sample. F igure 3.6 is a  typical circuit for a  four-point probe m easuring  assem bly.
The resistiv ity  of a silicide layer can be determ ined by applying a  know n cu rren t 
th rough the  sam ple and  m easuring  the  re su lta n t voltage drop across the  sam ple. However, 
since the  resistiv ity  is a  function of slice geom etry and  probe spacing, a  correction factor 
m ust be used  for the  type of geom etry applied. In  our case, the  correction factor for the  
rec tangu lar geom etry is considered as all our sam ples has a rec tangu lar geometric figure. 
The correction factor for a rec tangu lar geom etry is given in  A ppendix D. Taking into 
account the  correction factor, the  sheet resistance of the  sam ple can be expressed as:
Ps = (V/I)(d/s)C’ (3.1)
w here Ps is th e  sheet resistance, 
d is th e  w idth  of the  sam ple,
s is the  spacing betw een each probe which is equal to 1  m m, and 
C’ is the  correction factor.
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(a)
(b)
Figure 3.6 (a) A typical circuit for a  four-point probe m easuring  assem bly. The cu rren t
for the  probes is provided by a p rese t constan t cu rren t supply  and the  voltage m easured  by 
a digital voltm eter w ith  a  floating h igh im pedance inpu t. A sw itching u n it is included for 
sheet resistance determ ination. The functions of th e  three-position-sw itch are  also shown,
(b) Top view of the  sam ple showing th a t  it  is probed by 1 m m  spaced probe.
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The procedure for m easuring  sheet resistance of the  sam ple is described herein . A 
fuller description of the  m ethod can be found in  a  paper by Valdes [87], which covers the
functional rela tionship  betw een the  sheet resistance, Ps, and  the  voltage and cu rren t 
readings for a  range of surface geom etries. L a ter studies by U h lir [88] gives the  
rela tionship  for additional geometries.
The sam ple which m u st be free of gross contam ination and  any  in su la ting  layers, 
w as placed on an  in su la ted  stage. After the  probes have been lowered onto the  sam ple, the  
constan t cu rren t w as passed  th rough  the  voltage probes to ‘form’ contacts. The cu rren t w as 
th en  sw itched to cu rren t probes and  th e  m icrovoltm eter connected to th e  voltage probes. 
The firs t observation w as m ade and  th en  the  cu rren t was reversed in  direction for the  
second observation. The readings should agree to an  accuracy b e tte r  th a n  th a t  required  of 
the  m easurem ent. E ach m easurem ent w as repeated  several tim es over the  weeks and  the  
sheet resistance values m easured  w ere found to be ± 5% w ith in  experim ental error.
In  the  operation of the  four-point probe for m easuring sheet resistance, some care 
was essentia l to achieve accurate and  reproducible m easurem ents. The possible sources of 
erro r are  surface effect, m agnitude of the  m easuring  curren t, probe loading, geom etrical 
factors and  tem pera tu re . To m inim ise th e  error, collection of d a ta  should be trea ted  w ith  
care. To m inim ise th e  effect of surface conduction, for example, m easurem ents should be 
m ade in  the  d a rk  to prevent the  generation of carriers by the  incident ligh t and the  
re su lta n t conductivity m odulation of the  layers. Poor contact a rising  from probe loading 
onto th e  surface of the  sam ple can cause deleterious dam age to the  surface. Thus th e  probe 
m ust be carefully lowered w ith  a  probe loading of 20 gram s. N evertheless, ne ither of these 
are  a m ajor source of error and  can be m inim ised w ith  good experim ental practice to obtain 
reliable data.
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3.3.4 Current-Voltage Measurement
In  th is  work, extensive m easurem ents were m ade of diode cu rren t (I) against 
applied bias voltage (V) so as to assess the  electrical properties of Schottky contacts. I-V 
m easurem ents were perform ed on m etal/a-Si:H  Schottky diodes using  a H ew lett-Packard  
(HP) 4061A I-V m easurem ent system  which is connected to a  probe sta tion . The cu rren t 
was being m easured  w ith  a  H P  4140B picoam m eter and voltage across each diode w as 
being m onitored w ith  a  digital voltm eter. A schem atic of the  experim ental se tup  for the  I-V 
m easurem ent system  is shown in  figure 3.7.
The m easurem ents w ere carried  out a t  room tem peratu re  in  th e  d a rk  in  order to 
m inim ise error due to photoconductivity. An a rray  of diodes of d ifferent sizes contained in  
each cleaved sam ple w as characterised  using  two gold probes. C ontact w ith  the  top and 
bottom  m etal layers w as m ade using  these  probes. D ata  acquisition w as au tom ated  using  a 
com puter program  w ritten  in  LabView and  im plem ented on an  IBM com patible personal 
com puter. This com puter system , w ith  the  built-in  software, not only enabled d a ta  to be 
obtained from th e  H P system  via  an  IEEE-488 bus, bu t also regu la tes th e  b ias voltage, 
voltage step  and cu rren t lim it. The H P system  will then  ac tuate  controlling to the  set 
param eters  defined by the  program .
The bias voltage w as typically se t from -1  V to +1 V, w ith  a  voltage step  of 10 mV 
and a  cu rren t lim it of 10 mA. The d a ta  collected w as given as cu rren t (in u n it of am pere) 
as a  function of voltage (in u n it of volt). In  all th e  diodes exam ined, th e  forw ard and  the  
reverse J-V  curves were th en  scaled w ith  the  a rea  of the  top contact, giving the  J-V  
characteristics. T h a t is, th e  cu rren t w as divided by the  device a rea  in  order to obtain the  
cu rren t density, J  (in u n it of | A cm*2 1).
M easurem ents were norm ally perform ed on a num ber of diodes on a single sam ple 
w ith  its  top view shown in  figure 3.7(a). In  alm ost all cases, uniform ity w as excellent and 
diode characteristics w ere identical, w ith in  experim ental error. A typical J-V  curve for a  
Cr/a-Si:H Schottky diode following a  250°C anneal is shown in figure 3.8.
In  an  ideal diode characteristic , the  reverse cu rren t characteristic  has a g rad ien t of 
zero. For practical Schottky diodes, however, th e  reverse cu rren t com ponent is the  edge- 
leakage curren t. This m ay be due to the  sh a rp  edge effect around th e  periphery  of the
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F ig u re  3.7 (a) Left: Top view of a  sam ple containing an  a rray  of diodes.
Right: Side view of a  Schottky diode structure .
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m etal p late. A nother possible cause of the  cu rren t leakage could be th e  presence of dam age 
in  th e  device. O ur resu lts  of the  m easu rem en ts of b a rrie r  heights m ade on Cr/a~Si:H diodes 
of different areas have shown th a t  there  is no dependence on diode area, indicating th a t  
cu rren t leakage from the  edge of the  diode is negligible. I t  is therefore unlikely th a t  the  
change in  cu rren t leakage observed in  our J-V  characteristics is due to the  edge effect. 
Thus, by studying the  slope of the  reverse cu rren t of an  as-im planted  diode, the  da ta  m ay 
be com pared to a  reference diode, to yield inform ation about the  am ount of dam age being 
rem oved from the  device. In  some cases, w hen the  dam age is so severe th a t  large deviation 
of the  reverse and forw ard cu rren t characteristics from the  ideal behaviours is seen. This 
condition w ill be referred  to as degradation  in  th e  characteristics in  th is  thesis.
The ideality  factor obtained from th e  J-V  characteristics is a  very  useful tool to 
characterise  the  uniform ity of th e  in terface and the  presence of recom bination centres. 
F urtherm ore , the  value of Js  can provide a good estim ate  of th e  b a rrie r  height for nearly  
ideal diodes. In  order to obtain  the  ideality  factor and the  b a rr ie r  he igh t from the  J-V  
characteristic , it  is necessary  to determ ine the  re levan t cu rren t density  conduction 
equation. However, i t  h as  no t ye t been determ ined w hether Schottky diodes on a-Si:H 
exhibit p redom inantly  therm ionic em ission or diffusion characteristics. W hile therm ionic 
em ission characteristics have been reported  for Pd/a-Si:H  and  Pt/a-Si:H  diodes [57,59]. I t  
h a s  been shown by D eneuville and  Brodsky [89] th a t  i t  is often difficult to d istinguish  the  
two characteristics over th e  lim ited  tem pera tu re  range available. U sing both analyses, 
they  could fit th e ir  d a ta  for P t/a-Si:H  diodes and  they  have found th a t  the  b a rrier heights 
obtained differed by only 0.02 eV. Moreover, i t  h a s  been reported  th a t  A** for Pt/a-Si:H  
diodes is approxim ately equal to the  value obtained for crystalline Si which is 120 A cm '2 K '2 
[89]. Therefore, it  is appropria te  to apply therm ionic em ission theory  to the  Schottky diode 
and  use equations (2.31) and  (2.32) to yield ideality  factor n and  b a rrier height, 
respectively.
B ased on equation (2.31) for forw ard values of V in  excess of SkT/q, the  value of the  
ideality  factor (71):
„ = = o .d
kT  fc iJ  kTS
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can be determ ined directly from th e  linear p a rt  of the  semilog plot in  th e  forw ard direction, 
i.e., th e  slope S  = dlnJ /  dV deduced from th e  forw ard characteristic , as q, k  and  T  are 
known.
Since the  value of Js  can be obtained by ex trapolating the  s tra ig h t line of the  plot to 
V=0, the  value of th e  b a rrie r  he igh t can be obtained from equation (2.32):
kT In
(  A * * r g 2 'I
(3.2)
Figure 3.8 A typical J-V  characteristic  of Cr/a-Si:H Schottky diode after annealing  a t 
250°C showing the  reverse sa tu ra tio n  cu rren t density  (Js), th e  onset of the  space charge 
lim ited cu rren t density  (Ji) and the  slope of the  forw ard characteristic  (S).
71 Experiment Techniques
As shown in  figure 3.8, there  are  two bias regim es in  the  forw ard direction. A t low 
bias below 0.3 V, the  cu rren t density  increases rapidly, rep resen ting  an  exponential 
behaviour of the  Schottky contact. A t h igher bias, the  curren t density  follows a power law, 
J  oc Vm w ith  the  exponent m  > 1 and the  dom inant conduction m echanism  is space charge 
lim ited cu rren t [90]. P lo tted  in  figure 3.9 is the  log-log plot of forw ard cu rren t density  
versus forw ard bias voltage. The excellent linear fits to the  curve ind icates the  power-law 
dependence betw een forw ard cu rren t density  and bias voltage, w hich is a  characteristic  
signatu re  of the  space charge lim ited cu rren t m echanism  [901. The poin t w hen the  forw ard 
cu rren t s ta r ts  to roll over is th e  onset of th e  space charge lim ited  cu rren t density  (J i). A 
rectifying ratio  can be obtained by dividing Ji by Js  defined a t 0.3 V forw ard bias.
Bias Voltage (V)
F ig u re  3.9 The log-log plot of forw ard cu rren t density  and  bias voltage for b ias > 0.3 is 
well fitted  to a  power law  curve showing the  space charge lim ited cu rren t density  J  is 
proportional to Vm behaviour w here m=3.6 [90].
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3.3.5 Rutherford Backscattering Spectrometry (RBS)
The R utherford  B ackscattering  Spectrom etry (RBS) technique is based on the  
elastic backscattering  process th a t  occurs w hen energetic ions im pinge on a solid target. 
This technique is a  m ass dispersive spectrom etry th a t  allows dep th  characterisa tion  of the 
sam ple. The energy of the  backscattered  ions depends on the  scattering  angle, the  ion, the 
m ass of the  ta rg e t atom s, and  the  dep th  a t  which the collisions occur. The vacuum  
requ irem ent for sim ple hand ling  procedures and  rap id  tu rn -around  tim es for unloading 
and reloading sam ples is usually  ~10 '5 Torr.
A schem atic d iagram  for a  backscattering  spectrom etry system  is shown in  figure 
3.10. C harged particles are  generated  in  an  ion source. T heir energy is th en  raised  to 
several m egaelectron volts using  a van  de G raaff accelerator. The high-energy beam  th en  
passes th rough  a series of devices which collim ate or focus th e  beam  and  filte r i t  to give a 
selected type of particle  and  energy. The collim ated beam  en ters th e  sca ttering  cham ber 
and  im pinges on the  sam ple to be analysed. Some of the  back-scattering particles impinge 
on the  detector, w here an  electrical signal is generated. The final stage of th e  d a ta  usually  
has the  form of a  (digitised) spectrum , hence giving the nam e backscattering  spectrom etry.
In  our experim ents, RBS m easurem ents w ere m ade using  1.5 MeV H e+. The 
incom ing H e+ beam  incident on the  surface of th e  Cr/a-Si:H sam ple in  th e  direction close to 
the  norm al. The energy of the  backscattered particles w as m easured  using  a detector w ith  
a surface a rea  of 5.6 cm2. In  all cases the  detector was positioned a t  a  d istance of about 8 
cm away from  the  sam ple and  a t  an  angle of about 160° to th e  inciden t beam. The 
backscattered  spectrum  w as in teg rated  over a  helium  charge of 10 to 15 pC (mico-coulomb). 
Spectra collection following various trea tm en ts  w as autom ated using  a  com puter system . A 
typical RBS spectrum  obtained from a sheet resisitiv ity  Cr/a-Si:H sam ple annealed  a t 
250°C is shown in  figure 3.11.
Due to th e  lim ited dep th  resolution of RBS of about 200  A, th e  spectrum  does not 
yield direct inform ation on th e  th ickness and composition of the  CrSi2 layer. I t  is however, 
possible to obtain the  num ber of ta rg e t atom s and  atom ic surface density  from the  num ber 
of counts of the  backscattered particles.
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Figure 3.10 A schem atic d iagram  of a  typical backscattering  spectrom etry  system .
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In  order to determ ine th e  surface density  of the  particles, th e  sensitiv ity  of silicon 
(Si cm -2 count*1) is firs t calculated from th e  following equation:
&si ~ r tsT~  (Si cm ’2 count'1) (3.3)
x H s i
where E  is the  energy w id th  (eV/channel) which is re la ted  to the  experim ental se t
up  of the  system , [£\s. is th e  H e+ stopping cross section factor in  silicon a t 1.5 MeV
incident energy of H e+ (eV cm2) and  Hsi is the  heigh t of silicon signal. This calculation 
enabled the  sensitivity  of the  m eta l to be obtained using  the expression given below:
r  7  y
s metal = Ssi x — ~  ~ Ssi x ~F7M~ (m etal cm -2 count’1) (3.4)
®metal V metal J
w here Gsi and Gmetai a re  th e  R utherford  backscattering  cross sections of silicon and 
th e  m etal, a t the  angle of 160° in  cm2 steradian*1, respectively. Zsi and Zmetai are  the  atom ic 
numbers of silicon and  m etal, respectively.
The m etal surface density  (atom s cm*2) can th en  be calculated by m ultiplying the  
num ber of backscattered H e+ ions from  th e  m etal particles (m etallic counts) by the  
sensitiv ity  of the  m etal. This technique s tands out because it  is th e  m ost quan tita tive  
technique in  the  surface analysis of m ateria ls  w ith  an  accuracy in  the  range ± 5%. 
Furtherm ore , it  requires no sam ple p repara tion  for a  quan tita tive  analysis [91].
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Figure 3.11 RBS spectrum  of a  th in  chrom ium  silicide layer on corning glass substra te  
formed by ion bom bardm ent through  a 600 A th ick  of chrom ium  w ith  the  excess m etal 
rem oved by selective etching after annealing  a t  250°C.
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C h a p t e r  4 
R e c o v e r y  of Ion D a m a g e  in a-Si:H Schottky D i o d e s
Ion bom bardm ent of am orphous silicon causes an  increase in  disorder and  the  
form ation of charged and  n eu tra l silicon dangling bond defect s ta tes. This chapter is 
concerned w ith  th e  recovery of the  dam age by annealing  and how it  depends on dam age 
density  and  the  chemical species of the  ion.
4.1 I n tr o d u c t io n
The draw back of ion im plan ta tion  is the  dam age induced by the  stopping of the 
im p lan t ions w ith in  the  substra te . To obtain  the  electrical activation of th e  dopants, it  is 
im portan t to recover the  im plan ta tion  dam age. This dam age can be repaired  by post­
im plan t annealing. In  th is  chapter, we will look a t  the  effects th a t  th e  doping, therm al 
annealing  and pre- and post-deposition annealing  of Schottky m etal have on the  dam age 
recovery in  Cr/a-Si:H Schottky diodes.
The Schottky contact betw een the  m etal and  a-Si:H provides an  essen tia l tool for 
assessing the  electrical properties of an  im planted  layer. Following the  form ation of th is 
surface layer by im plan ta tion  th e  Schottky diode cu rren t can be re la ted  to th e  electric field 
a t the  surface of the  a-Si:H [1], C urrent-voltage (I-V) technique w as used  to assess the  
electrical properties of m etal/a-Si:H  Schottky diodes before and  a fte r annealing . Electrical 
inform ation of the  surface layer w as obtained from reverse bias m easurem ents. The diode 
ideality  factors can be determ ined from th e  forw ard characteristics. These m easurem ents 
were perform ed using  a probe sta tion  as described in  section 3.3.4. All the  J-V  curves 
shows th e  range from 1 V reverse bias to 1 V forw ard bias. A nnealing w as carried  out 
using  an  optical furnace in  a n itrogen atm osphere over a  tem pera tu re  range from 200°C to 
350°C for h a lf  an  hour.
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I-V m easurem ents w ere firs t m ade on as-grown sam ples and also on sam ples 
im p lan ted  w ith  in e r t  ions such  as silicon (Si) or xenon (Xe) acting as references to which 
J-V  characteristics of the  sam ples im p lan ted  w ith  dopant ions could be compared. The 
characteristics obtained for th e  un im plan ted  and  in e rt ions im plan ted  sam ples before and 
afte r annealing  are  presented  in  figures 4.2 and 4.3, respectively. The th ickness of the  
in trinsic  layers for various reference sam ples ranged  from 0.5 pm  to 2 pm.
Following the  in itia l m easu rem en ts on th e  reference sam ples, individual Schottky 
diodes containing a range of different im p lan ts  to vary  the  am ount of dam age a t room 
tem p era tu re  and  after annealing  a t d ifferent tem pera tu res w ere th en  m easured. The 
diodes used were fabricated using  th e  m ethod described in  section 3.1.1, and were 
bom barded w ith  a varie ty  of ions over a  wide dose range a t low energies of 10  and 15 keV. 
These ions have included phosphorus (P), antim ony (Sb), arsenic (As), n itrogen (N), ind ium  
(In), and  boron difluoride (BF2). The d a ta  so obtained are  sum m arised  in  figures 4.4 to 4.6.
Finally , a  comparison of J-V  characteristics w as m ade betw een the  Schottky diodes 
annealed  before and after deposition of th e  Schottky m etal using  low energy im plantation. 
In  addition, the  effects of h igh  energy im plan ta tion  of chrom ium  (Cr) and m olybdenum  
(Mo) m eta l ions a t 150 keV th rough  th e  Schottky m etal contact have been studied.
4.2 D a m a g e  E ffe c t a f t e r  I n e r t  I o n  I m p la n ta t io n  a t  L o w  E n e rg y
The sam ples used to investigate  th e  effect of low energy in e r t ion im plan ta tion  on 
dam age recovery consisted of a  Schottky diode struc tu re  shown in  figure 4.1. In  th is 
s tru c tu re , a  n + a-Si:H layer w as firs t grown onto a Cr layer to form an  ohmic contact to the  
back Cr contact. An in trinsic  a-Si:H film  w as th en  deposited. Low energy im plan tation  of 
Si ion or Xe ion a t 10 keV or 15 keV, respectively, w as m ade into th e  a-Si:H film to produce 
a shallow  dam age layer a t its  surface as shown in  figure 4.1. The sam ples were th en  
p repared  into devices w ith  Cr-deposited top contacts (typically 600 A) and  cut into m any 
pieces of approxim ately 1  cm x 1  cm squares in  order to carry  out single anneals on each of 
these sam ples. For each anneal, I-V m easurem ents were carried out on various devices on 
an  ind iv idual sam ple so as to obtain  a  ba tch  of J-V  characteristics. F rom  w hich a typical 
J-V  characteristic  w as presented.
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I-V m easurem ents were perform ed on these sam ples, and figures 4.3 w ere produced 
showing th e ir  characteristics following different h e a t trea tm en ts . A sum m ary  of th e  ion 
species, energies and  doses used is shown in  tab le  4.1.
S i ( 1 0  keV ) or 
Xe (15 keV )
F ig u re  4.1 A schem atic of Schottky diode having  surface layer form ed by im plantation  
of e ither Si or Xe in e rt ions. *The deposited in trin sic  a-Si:H layer h as  a  th ickness of e ither 
0.5 pm, 1 pm  or 2 pm.
T a b le  4.1 A sum m ary  of the  Si and Xe im plan ted  sam ples used to exam ine the  effect 
of in e rt ion damage.
F ig u re I n e r t  Io n  S p e c ie s E n e rg y  (keV) D o se  ( io n s  c u r 2)
4.3(a) Silicon (Si) 10 3 x l0 12
4.3(b) Silicon (Si) 10 lx lO 14
4.3(c) Xenon (Xe) 15 lx lO 13
4.3(d) Xenon (Xe) 15 lx lO 14
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To compare the  dam age in  a-Si:H following in e rt ion im plan ta tion  and annealing, 
th e  tem p era tu re  dependence of th e  J-V  characteristics of typical un im plan ted  reference 
Cr/a-Si:H  Schottky diodes a re  f irs t p resen ted  in  figure 4.2. The figure shows th a t, w ith  the 
progressive increase in  anneal tem pera tu re , the  onset of the  space charge lim ited cu rren t 
(SCLC) increases over the  tem p era tu re  range of 20 0°C to 250°C and  decreases w hen 
annealed  above 300°C. P rio r to annealing , th e  reverse cu rren t density  does not sa tu ra te  
u n til a  reverse b ias of about 0.5 V is applied. This effect is m ore clearly  seen in  figure 
4.2(b). A fter annealing a t 250°C, th e  reverse characteristics sa tu ra te  a t  a  sm aller reverse 
b ias of about 0.1 V. This indicates th a t  strong  cu rren t sa tu ra tio n  is observed in  the  reverse 
direction. Moreover, th e  ideality  factors in  th e  forw ard direction are  found to be 1.1 ± 0.1, 
im plying near-ideal characteristic . For each individual experim ent, th e re  is usually  an  
un im plan ted  sam ple annealed  a t  250°C to act as a  reference to w hich th e  characteristics of 
th e  im plan ted  sam ples can be com pared. W hile the  reverse characteristics are  generally 
ind istinguishable  for various references, the  tran sition  to SCLC behaviour depends on the  
th ickness of the  in trinsic  a-Si:H layer. The sa tu ra te d  SCLC density, defined for a  forw ard 
bias of 1 V, varies betw een 4 x l0 ~3 A cm -2 and 4 x l0 -4 A cm*2 for a-Si:H layer of th ickness 
ranges betw een 0.5 pm and 2 pm, respectively.
For the  Cr/a-Si:H diodes im plan ted  w ith  silicon, it  can be seen from figures 4.3(a) 
and  4.3(b) th a t  a  sm all reverse b ias of about 0.1 V was needed before th e  cu rren t density  
sa tu ra te d  only a t 250°C and  th e  surface layer w as fully depleted. The value of the  ideality  
factor n determ ined  from forw ard b ias m easurem ents for the  silicon im planted  diodes 
annealed  a t  th is  tem pera tu re  is n = 1 .2  ± 0 .2  which is identical to th a t  of the  reference (n —
1 . 1  ± 0 .1 ) to w ith in  experim ental error. F urtherm ore , the  forw ard cu rren t is space charge 
lim ited  to th e  sam e cu rren t density  of the  reference a t large forw ard bias. These features 
ind icate th a t  the  characteristics of th e  silicon im planted  sam ples recover tow ards th a t  of 
the  un im plan ted  sam ple. A nnealing  above 300°C, however, resu lted  in  a  degradation  of 
th e  forw ard charac te ris tic  in  w hich th e  sa tu ra te d  SCLC density  is 6 x l0 '4 A cm-2 a t a  
forw ard bias of 1 V. This value is found to be over an  order of m agnitude lower th an  th a t  of 
th e  reference (4x l0 -3 A cm-2) a t th e  sam e b ias voltage. The ideality  factor obtained for the  
diodes annealed  a t th is  tem p era tu re  is h igher, about 1.6 ± 0.1. The higher reverse
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sa tu ra tio n  cu rren t density  seen in  figure 4.3(b) for the  h igher dose of im p lan t can be 
in te rp re ted  as evidence th a t  w ith  increasing  dose there  appears to be some residual 
dam age which cannot be rem oved even after annealing  a t 250°C.
The J-V  characteristics for the  Cr/a-Si:H diodes following xenon im plan ta tion  and 
different h e a t trea tm en ts  have shown th e  sam e tren d s of degradation  and  im provem ent to 
those w ith  silicon im plants. A t 250°C, i t  can be seen from figures 4.3(c) and  4.3(d) th a t  the  
reverse sa tu ra tio n  cu rren t densities for diodes im planted  w ith  Ix lO 13 Xe cm "2 and Ix lO 14 
Xe cm*2 are  Ix lO '7 A cm '2 and 4 x l0 '7 A cm'2, respectively, both of w hich are  h igher th a n  th a t  
of the  reference (2 .5x l0 '9 A cm'2). W hile annealing  a t 250°C produces h igher reverse 
sa tu ra tio n  cu rren t densities for h igher dose im plant, the  slopes of the  forw ard 
characteristics are  found to be com parable to th a t  of the  reference a t  large forw ard bias. 
These resu lts  fu rth e r suggests th a t  th e  ex ten t of th is  dam age recovery strongly  depends on 
the  im planted  dose and  is less effective for h igher im plantation  dose.
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- 0 .5  0
B ia s  V o l t a g e  (V)
0 .5  0  0 .5
B ia s  V o l t a g e  (V)
F ig u r e  4.2 J-V  characteristics of the  un im plan ted  reference Cr/a-Si:H  Schottky diodes 
over a  range of tem pera tu res. The th icknesses of the  in trinsic  (i) a-Si:H layers were (a) 0.5 
pm , (b) 0.5 pm , (c) 1pm and (d) 2 pm.
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F ig u re  4.3 I-V m easurem ents on Cr/a-Si:H Schottky b a rrie rs  having (a) 3 x l0 12 Si cm'2,
(b) Ix lO 14 Si cm 2, (c) Ix lO 13 Xe cnr2 and  (d) Ix lO 14 Xe cn r2 im planted  surface layers before 
and after annealing  betw een 200°C and  350°C for 30 m inutes.
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4.3 Damage Effect Following Dopant Ion Implantation
10 or 15 keV energy ion im plan ta tion  w ith  various dopant im purities a t  d ifferent 
doses have been m ade to investigate  the  effect of dopant im plan ta tion  on dam age recovery. 
Cr/a-Si:H diodes were im planted  w ith  phosphorus (P), antim ony (Sb), arsenic (As), 
n itrogen (N), ind ium  (In) and boron diflouride (BF2) ions. D etails of th e  im p lan ta tion  into 
the  sam ples are  listed  in  table 4.2. The th ickness of undoped a-Si:H layer for th e  im plants 
of In, BF2 and  Sb ions w as 2  pm thick. W ith As, an  in trinsic  a-Si:H layer of 1  pm th ick  w as 
used. L ast of all, for the  P  and N im plants, th e  in trinsic  layers w ere 0.5 pm  thick.
T a b le  4.2 D etails of im planted  ions and  fluences for the  Cr/a-Si:H sam ples used to 
characterise  dam age recovery following dopant im p lan ta tion  and  furnace annealing. E ach  
sam ple w as annealed  once a t  a  different tem p era tu re  for h a lf  an  hour.
F ig u re D o p a n t  Io n  S p e c ie s E n e rg y  (keV) D o se  (io n s  cm-2)
4.4(a) Phosphorus (P) 10 2 x l 0 12
4.4(b) Phosphorus (P) 10 1. 5 x l0 14
4.4(c) Antim ony (Sb) 15 lx lO 13
4.5(d) Antim ony (Sb) 15 lx lO 14
4.5(a) Arsenic (As) 10 lx lO 12
4.5(b) Arsenic (As) 10 3 x l0 13
4.5(c) N itrogen (N) 10 2 x l 0 12
4.5(d) N itrogen (N) 10 lx lO 14
4.6(a) Indium  (In) 15 lx lO 13
4.6(b) Indium  (In) 15 lx lO 14
4.6(c) Boron Diflouride (BF2) 10 lx lO 13
4.6(d) Boron Diflouride (BF2) 10 1 .5x l0 14
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J-V  characteristics of Cr/a-Si:H  diode following im plantation  of 10 keV phosphorus 
w ith  a dose of 2 x l 0 12 P  cm-2 and  after annealing  a t 250°C for h a lf  an  hou r showed th a t  
there  is a  good sa tu ra tio n  of reverse cu rren t and the  ideality  factor n in  th e  forw ard 
direction is th e  sam e as th a t  of the  reference w ith  n = 1 .1 , w ith in  experim ental 
uncertain ty . This characteristic  is shown in  figure 4.4(a) w here th e  reverse sa tu ra tion  
cu rren t is about an  order of m agnitude h igher th a n  th a t  of th e  reference. I t  is clear from 
figure 4.4(a) and 4.4(b) th a t  as th e  im p lan ta tion  dose is increased from 2 x l0 12 P  cm ’2 to 
1 .5x l014P  cm-2, th e  reverse cu rren t densities th rough  the  diode is enhanced considerably. 
A t 250°C, for exam ple, th e  reverse sa tu ra tio n  cu rren t densities for th e  P  im plan ts of 2 x l 0 12 
P cm '2 and  1 .5x l0 14 P  cm -2 a re  lx lO  7 A cm -2 and  2 x l0 '3 A cm-2, respectively. However, the  
reverse characteristic  is seen to sa tu ra te  a t  a  reverse bias of 0.5 V for sam ples im planted  
w ith  h igh dose, in  com parison w ith  a  sm aller reverse bias of 0.1 V for sam ples im planted 
w ith  lower dose.
W ith antim ony im plant, th e  reverse characteristics of the  Cr/a-Si:H diode have 
shown th a t  the  dam age induced by im plan ta tion  can also be rem oved by h e a t trea tm en t. 
Following annealing  a t 200°C, i t  can be seen from figure 4.4(c) th a t  th e  m agnitude of the  
reverse sa tu ra tio n  cu rren t density  of the  diode w ith  lx lO 13 cm-2 Sb im p lan t increased by 
nearly  two orders of m agnitude, from lx lO *7 A cm -2 to lx lO '5 A cm-2. This resu lt indicates 
th a t  the  b a rrie r  height had  been lowered by an  electrically active surface layer. However, 
the  reverse cu rren t w as seen to sa tu ra te  a t a  high reverse bias of 0.3 V, suggesting th a t  the  
layer is not yet fully depleted a t  zero bias. A nnealing a t 250°C resu lts  in  a  lower reverse 
b ias of 0.1 V required  before the  reverse cu rren t sa tu ra tion  occurred. In  th is  case, a  strong 
reverse characteristic  is obtained. In  accord w ith  the  above resu lts , th e  J-V  characteristic  
for diode im planted  w ith  lx lO 14 Sb cm -2 and  annealed  above 300°C is degraded in  both 
forw ard and  reverse directions. These are  reflected by the  following observations from 
figure 4.4(d). F irstly , th e  reverse cu rren t does not sa tu ra te  even w hen a  reverse  bias of 1 V 
is applied. Secondly, the  forw ard characteristic  yields a curvature, in  which case, the  
ideality  factor could not be determ ined. Thus, the  diode quality  in  term s of ideality  factor is 
poor. S im ilar affect as phosphorus im p lan ta tion  has been observed for h igh  dose antim ony 
a t  350°C, th a t  is the  J-V  curve is degraded as shown in  figure 4.4(d).
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F ig u r e  4.4 J-V  characteristics of un im plan ted  and im planted  a-Si:H/Cr diodes as a 
function of anneal tem pera tu re . The im plan ts were (a) 2 x l0 12 P  cm*2, (b) 1 .5xl0 14 P  cm 2, (c) 
lx lO 13 Sb cm '2 and (d) lx lO 14 Sb cm-2. The reference diodes have been annealed a t 250°C.
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The J-V  characteristics of Cr/a-Si:H diodes w ith  arsenic im p lan ta tion  have shown 
the  sam e tren d s as the  dopant im p lan ta tion  discussed above. Good cu rren t sa tu ra tio n  is 
observed in  th e  reverse direction a t  a  low applied bias of about -0.1 V w ith  th e  reverse 
cu rren t increased a fte r annealing  a t 250°C, which constitu te fu rth e r evidence th a t  the  
anneal has  rem oved the  dam age created  during  As ion bom bardm ent. This can be seen in  
figures 4.5(a) and 4.5(b).
For th e  n itrogen im plant, as shown in  figure 4.5(c), the  ideality  factor of the  diode 
im planted  w ith  2 x l0 12 N cm-2 and  annealed  a t 250°C is 1.1 which is th e  sam e as th a t  of the  
un im plan ted  reference, w ith in  experim ental accuracy. However, i t  is seen th a t  the  reverse 
cu rren t densities m easured  for th e  2 x l0 12 N cm*2 im planted diode and  th e  un im plan ted  
diode differ by less th a n  a  factor th ree. W ith a five tim es increase in  ion dose, such 
varia tion  in  reverse cu rren t density  is only a t m ost an  order of m agnitude, as shown in 
figure 4.5(d). Considering th e  lower doping density  of the  phosphorus im p lan t w ith  2 x l 0 12 
P  cm-2, the  reverse cu rren t density  increased by m ore th a n  one order of m agnitude from 
the  reference value, see figure 4.4(a). Given th a t  the  reverse cu rren t is low following 
im plantation , i t  is suggested th a t  th e  electrical activity obtained for th e  n itrogen im plan t 
is m inim al in  agreem ent w ith  th e  expectation th a t  the  addition of n itrogen  to a-Si:H will 
form hydrogenated am orphous silicon n itra te  (a-SiN:H) type alloys [2]. T his phenom enon 
is not pu rsued  fu rth e r in  th is  thesis b u t i t  is noted th a t  i t  m ay be of considerable 
technological in te res t in  itse lf and  will be the  subject of fu rth e r work.
E xperim ents on the  a-Si:H Schottky diodes described so fa r  h a s  been concerned 
w ith  dam age recovery for n-type surface layers in  in trinsic  a-Si:H w here they  have been 
used to increase the  surface field and  reduce the  effective b a rr ie r  of Cr/a-Si:H. The 
behaviours of several Schottky diodes w ith  surface layers im planted  w ith  acceptors before 
and  after annealing  w ere m easured  in  order to ascerta in  w hether the  presence of p-type 
im plan ta tion  of a  surface layer can increase the  effective heigh t of a  b a rr ie r  and  w hether 
annealing  tre a tm e n t has an  effect on the  reverse characteristic.
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F ig u r e  4.5 C haracteristics of Cr Schottky diodes on a-Si:H following ion im plantation  
w ith  (a) lx lO 12 As cm*2, (b) 3 x l0 13 As cm-2, (c) 2 x l0 12 N cm 2, (d) lx lO 13 N cm '2.
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For th e  p-type im plan ta tion  using  indium , the  firs t th ing  th a t  can be seen from the  
reverse characteristics shown in  figures 4.6(a) and  4.6(b) is th a t  the  cu rren t density  for the 
as-im planted sam ple is h igher th a n  th a t  of th e  un im planted  reference sam ple. I t  th u s  
appears th a t  the  effective b a rr ie r  h as  no t been raised. According to equation (2.27), the  
in troduction of acceptors a t the  surface can increase the  b a rrie r  h e igh t in  the  m anner 
described in  section 2.2.1.5; and  based on equation (3.2) the  b a rrie r  ra is in g  would be 
indicated by a  reduction in  the  reverse sa tu ra tio n  curren t. C ontrary  to expectations, 
com parison of th e  reverse characteristics of the  diode w ith  a  surface layer im planted  w ith  
lx lO 13 In  cm-2 and th e  diode w ithout a  surface layer (unim planted reference) annealed  a t 
250°C suggests th a t  th e  im planted  ind ium  does not introduce acceptors to increase the  
b a rrie r  height. However, the  reverse cu rren t is seen to decrease w ith  increasing  annealing  
tem pera tu re  which suggests th a t  th e  effective b a rrie r  does increase w ith  tem pera tu re . The 
exact cause of th is  is uncerta in  b u t th is  is probably due to the  fact th a t  i t  is difficult to 
move the  Ferm i level tow ards the  valence band edge because of the  large num ber of s ta tes  
on the  valence band tail. The second th ing  to note from figures 4.6(a) and  4.6(b) is th a t  
there  is an  indication of cu rren t injection in  the  forw ard direction from th e  change in  the  
slope above forw ard bias of 0.3 V for annealing  tem pera tu res g rea ter th a n  300°G. This 
probably arises because of m inority-carrier (electron) injection from  th e  quasi-neu tral 
region of a-Si:H layer into the  m etal front contact.
Schottky diode characteristics following boron diflouride (BF2) im p lan ta tion  are 
shown in  figures 4.6(c) and  4.6(d). I t  can be seen th a t  there  is an  offset in  the  zero bias 
voltage. This suggests th a t  th ere  appears to have som ew hat h igh defect density  being 
introduced in to  the  devices which m ay inh ib it the  electrical activity of th e  im planted 
acceptor ions. In  figure 4.6(c), th e  reverse characteristic  for the  unannealed  Cr/a-Si:H diode 
im planted  w ith  lx lO 13 B F 2 cm '2 has shown th a t  the  sa tu ra tion  cu rren t density  is about a 
factor of five tim es h igher th a n  th a t  of the  reference. B ut the  cu rren t density  w as seen to 
become lowered by approxim ately an  order of m agnitude after annealing  a t 200°C w hen 
compared to the  reference. This resu lt indicates th a t  the  im p lan t increases the  effective 
b a rrie r  height. Sim ilarly, w ith  h igher doping density  of 1 .5x l0 14 BF2 cm-2, it  can be seen 
from figure 4.6(d) th a t  the  reverse cu rren t density  of the  unannealed  as-im planted  sam ple
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F ig u re  4.6 I-V m easurem ents on Cr/a-Si:H  b arriers  having surface layers im planted  
w ith  (a) Ix lO 13 In  cm’2, (b) l x ! 0 14In  cm'2, (c) Ix lO 13 B F2 cm'2, and (d) 1 .5x l0 14 B F2 cm-2.
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is alm ost identical to th a t  of th e  un im plan ted  reference. In  some cases, i t  is possible to 
obtain a  very good reverse characteristic  even for anneal tem p era tu re  as low as 200°C, 
w ith  a  rectifying factor of nearly  six orders of m agnitude, defined a t a  forw ard bias of 0.3 
V, coupled w ith  an  increase in  b a rr ie r  height.
4.4 Implantation of Metal Ions through the Schottky Metal
In  these experim ents, im plan ts of m olybdenum  (Mo) and chrom ium  (Cr) have been 
m ade th rough  the  m etal layer of Schottky diodes using high energy im plan ta tion  of 150 
keV. M olybdenum  and chrom ium  were im planted  according to energies and  doses shown 
in  table 4.3. In  all cases th e  th ickness of the  undoped a-Si:H layer w as 2 pm.
Table 4.3 Im plan ts of Mo ions and Cr ions through the  Schottky m eta l contacts. The 
un im planted  sam ples presen ted  in  figure 4.7(a) are  the  reference sam ples.
Figure Metal Ion Species Energy (keV) Dose (ions cm*2) 1
4.7(a) No im plan t None None I
4.7(b) M olybdenum (Mo) 150 lx lO 14
4.7(c) C hrom ium  (Cr) 150 lx lO 13 ;
4.7(d) Chrom ium  (Cr) 150 2 x l 0 14 j
J-V  characteristics of m olybdenum  Schottky barriers  on a-Si:H are  shown in  figures 
4.7(a) and 4.7(b). The ideality  factors deduced from the forw ard characteristics of the  
unim plan ted  and  lx lO 14 cm*2 Mo im planted  Mo/a-Si:H diodes are  sum m arised  in  table 4.4. 
I t  can be seen th a t  the  values of th e  ideality  factor (n ) of th e  un im plan ted  reference
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sam ples reduced from 1.2 to 1 . 1  w ith  annealing  tem pera tu re  below 300°C. Sim ilarly, for 
the  Mo im plan ted  sam ples annealed  below 300°C, the  values of n decreased from 1.9 to 1.4. 
A nnealing of the  diodes up to 300°C resu lts  in  a  p a rtia l recovery of the  J-V  characteristics 
of th e  im planted  diodes back tow ards the  characteristics of th e ir  prebom barded sta tes. 
A fter annealing  a t 350°C, th e  forw ard characteristics are  very m uch degraded w ith  low 
cu rren t densities and the  calculated ideality  factors obtained for th e  reference and the  
im plan ted  diodes are  1.6 and  1.7, respectively. Also shown in  tab le  4.4 are  th e  b a rrie r  
heights obtained from the  reverse characteristics of these diodes. Since the  recovery is no t 
complete for the  im planted  diode annealing  below 300°C, it  can be seen from figures 4.7(a) 
and  (b) th a t  the  reverse sa tu ra tio n  cu rren t densities obtained for th e  im planted  diode is 
h igher th a n  th a t  of the  references. The b a rrie r  he igh t changes w ith  the  reverse sa tu ra tio n  
cu rren t density  and  hence th e  b a rr ie r  he igh t reduces as the  cu rren t density  is increased. 
This could be due to the  sh a rp  edge effect around the  periphery  of th e  top Mo contact 
which is more p redom inant w ith  Mo im planted  diodes.
Table 4.4 A sum m ary  of th e  ideality  factors and  b a rrie r  heights of Mo/a-Si:H diodes 
w ith  and  w ithout l x l 014cn r2 Mo im plan t a t  different annealing  tem pera tu res.
Anneal
Temperature
Ideality Factor (n) Barrier Height (<fe)
No Implant Mo Implant No Implant Mo Implant
U nannealed 1 .2 1.9 0.90 V 0.83 V
200°C 1 . 1 1 .6 0.90 V 0.81V
250°C 1 .1 1.4 0.88 V 0.85 V
300°C 1 .0 1 .2 0.87 V 0.90 V
350°C 1 .6 1.7 0.90 V 0.85 V
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F ig u re  4.7 J-V  characteristics of h igh  energy im plan tation  of Mo/a-Si:H Schottky 
diodes w ith  (a) no im p lan t and  (b) lx lO 14 Mo cm*2; and Cr/a-Si:H Schottky diodes w ith  (c) 
lx lO 13 Cr cm -2 and  (d) 2 x l0 14 Cr cm '2 over a  range of annealing tem pera tu res  .
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For Cr/a-Si:H Schottky diodes, th e ir  J-V  characteristics obtained after bom bardm ent 
w ith  lx lO 13 Cr cm-2 and  2 x l0 14 C r cm '2 are  shown in  figures 4.7(c) and  4.7(d), respectively. 
Com paring th e  reverse characteristics of Cr im p lan t and Mo im plan t shown in  figure 4.7, 
after annealing  a t  250°C, th e  m agnitude of th e  reverse cu rren t density  is h igher for Cr 
th an  th a t  of the  Mo im plant. W hile the  reverse sa tu ra tio n  cu rren t increases w ith  dose, the  
forw ard sa tu ra tio n  cu rren t reduces w ith  increasing  dose. This suggests th a t  m etal im p lan t 
th rough  th e  m etal layer has in troduced defects in to  th e  device which cannot be rem oved by 
annealing. The reference diodes annealed  a t 250°C are  also shown in  these  figures.
4.5 D is c u ss io n  o f  R e s u l ts
The un im plan ted  sam ples have shown th a t  following an  anneal a t 250°C a more 
ideal characteristic  is obtained com pared w ith  annealing  above 300°C for which the  
characteristic  is degraded (w ith a  h igher ideality  factor and a lower space charge lim ited  
cu rren t density). These resu lts  ind icate th a t  annealing  above the  grow th tem pera tu re  of a- 
Si:H layer of 250°C m ay have created m ore silicon dangling bond defects which accounts 
for the  h igher leakage cu rren t observed. A strong  reverse sa tu ra tio n  cu rren t is only 
observed after the  sam ple is annealed  a t  250°C and  the  b a rrie r  he igh t is about 0.91 V 
w ith in  experim ental error tak en  from  all the  J-V  characteristics of th e  reference sam ples.
Before we begin the  discussion on th e  in e r t and dopant im plantations, we will 
p resen t the  resu lts  of DPA and range d istribu tion  calculated from TRIM  sim ulated  data . 
Table 4.5 p resen ts the  sim ulation  resu lts  of the  range d istribu tion  for various im plan ts 
directly into 10 0 0  A of silicon using  im plan t energies of 10  and 15 keV. From  the  resu lts , it  
can be observed th a t  the  heavy ions produce a sh a rp e r peak  (sm aller ARp) th an  th e  ligh ter 
ions (larger ARp) which have m uch broader d istribu tions shown in  figure 4.8. The 
projected range, Rp of the  ions is about 150 A, except for boron and n itrogen which have a 
peak  a t  about 300 A and 400 A, respectively. The ion range (Rp), w id th  (ARp) and dep th  
d istribu tion  were calculated using  a  G aussian  distribu tion . In  additon, from th e  silicon 
vacancies, range profiles w ere used  to calculate the  displacem ent per atom  (DPA) values 
for various ion doses and ion energies. The calculated values of DPA are  given in  tab le  4.6.
94 Recovery of Ion Damage
T a b le  4.5 The im plan ta tion  param eters  for various ions into silicon obtained from 
G aussian  calculations.
Io n  S p e c ie s
A to m ic
W eig h t
(am u)
E n e rg y
(keV )
R p
(A)
ARp
(A)
C o n c e n t r a t io n  a t  P e a k  
H e ig h t  (a to m s  cm  3)
D o se s  1 x IQ14 cm*2
Boron (B) 10.81 10 354 141 2 .2  x 1 0 19
Nitrogen (N) 14.01 10 287 126 2.9 x 1019
Silicon (Si) 28.09 10 179 83 4.6 x 1019
Phosphorus (P) 30.97 10 169 77 5.0 x 1019
Arsenic (As) 74.92 10 125 44 9.2 x 1019 j
Indium  (In) 114.82 15 148 42 9.6 x 1019
Antim ony (Sb) 121.76 10 117 42 1.3 x 1 0 20
Antim ony (Sb) 121.76 15 149 41 9.8 x 1019
Xenon (Xe) 131.29 15 149 39 1 .0  x 1 0 2°
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T a b le  4.6 The DPA values for various ions into silicon calculated from the  TRIM  
sim ulated  d a ta  output. The peak  concentrations of silicon vacancies (in u n it of vacancies 
per angstrom  per ion) w ere used to calculate the  DPA values.
Io n A to m ic
W e ig h t
(am u)
E n e rg y
(keV)
P e a k  
C o n c e n t r a t io n  o f  
S ilic o n  V a c a n c ie s
D P A  a t  P e a k
D o se  ( io n s  c n r 2)
Ix lO 12 Ix lO 13 Ix lO 14
B 10.81 10 2.6X10-1 5.2x10+ 5.2x10-3 5 .2x l0 *2
N 14.01 10 3.4X10' 1 6.9x10+ 6.9x10-3 6 .9 x l0 2
Si 28.09 10 7.4x10+ 1.5xl0 -3 1 .5xl0 -2 1.5x10+
P 30.97 10 7.9x10+ 1 .6 x1 0 + 1 .6 x l 0-2 1 .6 x 1 0 +
As 74.92 10 1.3 2.6x10-3 2 .6 x l 0*2 2 .6 x 1 0 +
In 114.82 15 1 .8 3 .6x l0 -3 3.6x l0 -2 3.6x10+
Sb 121.76 10 1 .6 3 .3x l0 -3 3.3x l0 '2 3.3x10+
Sb 121.76 15 1.8 3.7x10-3 3 .7x l0 ‘2 3.7x10+
Xe 131.29 15 1.9 3.8x10-3 3 .8x l0 -2 3.8x10+
* DPA = [(Vacancy peak  of silicon)x(Dosexl08)] + (5x l022)
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F ig u re  4.8 TRIM  sim ulation  for various ions into 1000 A of silicon. By m ultiplying the  
value of d istribu tion  by the  value of ion dose (atom s cm'2), the  concentration of ions in  the  
sam ple (108 atom s cm'3) can be obtained.
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Figures 4.3(a) and  4.3(b) show th e  resu lts  of J-V  m easurem ents tak e n  from the  low 
dose and  h igh dose Si im planted  sam ples, respectively, before and after annealing. The 
corresponding DPA values for the  low dose and  h igh  dose Si im plants, as can be seen from 
tab le  4.7, are  4.5xl0*3 and  0.15, respectively, w ith  a  difference of a factor of about 33. I t  is 
observed from figure 4.3(a) th a t  the  J-V  characteristic  of the  3 x l0 12 cm*2 Si im p lan t is 
alm ost identical w ith  th a t  of the  reference following a 250°C anneal for h a lf  an  hour. This 
suggests th a t  the  dam age induced during  im plan ta tion  has  been removed. However, it  can 
be seen from figure 4.3(b) th a t  a t  250°C, w ith  h igher dose of lx lO 14 Si cm*2, the  m easured  
reverse cu rren t density  is lxlO*7 A cm'2. This value is about one and  a  h a lf  orders of 
m agnitude h igher th a n  th a t  of the  3 x l0 12 cm*2 Si im plan t. This suggests th a t  annealing  of 
the  diode w ith  h igher dose of lx lO 14 Si cm*2 could not recover its  original prebom barded 
characteristic  and  th a t  th e  ion induced dam age w as not removed. This m ay be due to the  
form ation of Si dangling bond defects caused by th e  h igh dose ion im plan ta tion  or it  m ight 
be due to a  change in  th e  band gap [92].
Sim ilarly, th e  resu lts  of Xe im plan ta tion  also show th a t  the  dam age can only be 
rem oved following a  low dose of l x l 0 13Xe cm*2, consisten t w ith  a low DPA value of 3.8xl0*2. 
Moreover, some residual dam age w as also found w ith  h igh Xe dose of lx lO 14 cm*2 even after 
annealing  a t 250°C. These resu lts  a re  shown in  tab le  4.7.
Table 4.7 Com parison of the  calculated DPA values, the  m easured  reverse sa tu ra tio n  
cu rren t densities (Js) and  ideality  factor values following in ert ion im plan ta tions and 
annealing  a t 250°C.
Ion Energy
(keV)
Atomic Weight 
(amu)
Dose 
(atoms cm*2)
DPA
(10*3)
J s  
| A cm*21
Ideality
factor
Si 10 28.09 3 x l0 12 4.5 6.3xl0*8 1.19
lx lO 14 150 l.OxlO*7 1.10
Xe 10 131.76 lx lO 13 38 8.0xl0-8 1.12
lx lO 14 380 2.2xl0*7 1.40
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Quite interestingly , i t  can be seen  from  th is  tab le  th a t  the  difference in  DPA value 
is a  factor of 2.5 for the  Ix lO 14 Xe cm'2 and  Ix lO 14 Si cm'2, th e ir reverse sa tu ra tio n  cu rren t 
densities differ by a factor of 2.2. Also th is  change in  sa tu ra tion  w ith  DPA is in  agreem ent 
w ith  th a t  observed following germ anium  bom bardm ent of a-Si:H [92].
For the  im plan tation  using  donor im purities, i t  has been shown th a t  the  im planted  
donor im purities can be electrically activated  by therm al annealing, depending on th e  ion 
dose. W hen im plan ting  low doses, th e  dam age density  is relatively  low, the  electrical 
activity increases w ith  annealing  tem pera tu re . For low doses, com parison of the  J-V  
characteristics after annealing  a t  200°C w ith  those of an  un im plan ted  reference show th a t  
the  reverse cu rren t sa tu ra ted  a t a b ias of about -0.2 V and th a t  the  forw ard characteristic  
yielded th e  ideality  factor of about 1.12, w hich is comparable to th a t  of the  reference, to 
w ith in  experim ent error. These featu res ind icate  th a t  the  ion-induced dam age has been 
partia lly  removed.
A fter annealing  a t  250°C, th ere  is a  strong  sa tu ra tion  of th e  reverse  characteristic  
and th e  ideality  factor in  the  forw ard direction is also 1.12 which is the  sam e as th a t  of the  
reference, to w ith in  experim ental uncerta in ty . These resu lts  indicate th a t  the  dam age has 
be rem oved by annealing  a t 250°C and  th a t  th e  n e t dopant activities obtained are  high. 
However, i t  h as  been observed th a t  following annealing above 300°C, the  reverse 
characteristic  sa tu ra ted  a t  a  voltage of -0.5 V and  the  ideality  factor m easured  is about 1.7, 
which is m uch h igher th a n  th a t  of th e  reference. These resu lts  reveal th a t  the  forward 
characteristic  is degraded. From  these  resu lts , it  w as found th a t  in  general annealing  a t 
250°C produced the  best diode characteristics w ith  the  h ighest n e t dopan t activity.
In  some cases w here im plan ted  doses are  high, however, i t  is ap p a ren t from table 
4.8 th a t  th e  m easured  ideality  factor is as h igh as 1.4, even after annealing  a t  250°C and  is 
h igher th a n  th a t  of the  reference. In  addition, given th a t  the  DPA value is h igh for sam ples 
im planted  w ith  h igh dose, i t  h as  been found th a t  there  is residual dam age which cannot be 
rem oved by annealing. This is reflected by th e  h igher slope in  th e  reverse direction as 
shown in  figures 4.3(c), 4.3(d), 4.4(c), 4.4(d), 4.5(c) and 4.5(d).
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T a b le  4.8 Com parison of th e  calculated DPA values, th e  m easured  reverse sa tu ra tio n  
cu rren t densities (Js) and  ideality  factor for nitrogen, phosphorous, arsenic and antim ony 
im plan tations after annealing  a t  250°C.
Io n E n e rg y
(keV)
A to m ic  W e ig h t 
(am u )
D ose  
(a to m s  cm  2)
D P A
(10-3)
J s  
| A  cm-2 J
I d e a l i ty
F a c to r
N 10 14.01 2 x l0 12 1.38 6.3xl0-9 1.10
lx lO 13 6.9 3.4xl0*8 1.12
P 10 30.97 2 x l0 12 3.2 8.0xl0-8 1.12
1 .5x l014 240 2.8xl0*3 1.20
As 10 74.92 lx lO 12 2.6 2.5xl0-8 1.12 j
3 x l0 13 78 2 .5x l0 -5 1.40
Sb 15 121.76 lx lO 13 33 1.8xl0-6 1.10
lx lO 14 330 3.0xl0"5 1.40
In  general, the  acceptor im plan ts do not produce as near-to  ideal J-V  
characteristics as the  donor im p lan ts  do. W hile th e  rectification ra tio s were large, th e ir  
characteristics shown in  figure 4.6 w ere far from being ideal. Because of the  curvatu res in  
the  forw ard characteristics, th e  values of n could not be calculated accurately b u t is 
estim ated  to be about 2. There is also an  indication of hole cu rren t injection from th e  sh ift 
in  the  zero bias cu rren t shown in  figures 4.6(c) and  4.6(d). Acceptor im plants show some 
general featu res b u t since th e  b a rrie r  increases w ith  activation of acceptors, the  leakage 
cu rren t becomes m ore ap p a ren t particu la rly  un d er forw ard bias as observed from the  
change of slope in  the  forw ard direction above 0.3 V bias voltage.
For Cr and Mo im plan ts, the  leakage cu rren t in  reverse b ias is dom inated by hole- 
electron generation. Above 250°C th is  generation  cu rren t d im inishes b u t is still observable 
a t  h igh  annealing  tem pera tu res  shown in  figure 4.7(d).
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4 .6  C o n c l u s i o n s
By com paring the  J-V  characteristics of the  im planted sam ples a fte r annealing  a t 
various tem pera tu res  w ith  those of the  un im plan ted  sam ples, we have show n th a t  th e  ion- 
induced dam age h as  been p a rtia lly  rem oved by annealing  a t  200°C. A fter annealing  a t 
250°C, we have found th a t  there  is a  strong  sa tu ra tio n  of the  reverse sa tu ra tio n  cu rren t 
and the  ideality  factor in  the  forw ard direction is the  sam e as th a t  of th e  reference, w ith in  
experim ental error. We can therefore conclude th a t  the  best diode characteristic  can be 
obtained a t  250°C, which is the  grow th tem pera tu re  of a-Si:H films.
For DPA values less th a n  5xl0"3, we have shown th a t  alm ost all th e  dam age can be 
rem oved by annealing; w hereas for DPA values g rea ter th a n  5 x l0 '2, th ere  is always 
residual dam age effect [92]. We have also shown th a t  im planted dopants can be activated 
by annealing  a t  250°C, provided th e  DPA value is less th an  5xl0*3. W ith h igher DPA value 
of about 5 x l0 '2, the  reverse cu rren t sa tu ra te s  a t a  bias voltage of about -0.5 V as compared 
w ith  DPA of less th a n  5xl0*3. Moreover, th e  J-V  characteristics are  space charge lim ited to 
the  sam e cu rren t a t  large forw ard bias. These resu lts  indicate th a t  residual trapping , 
generation/recom bination centres have a negligible effect on the  J-V  characteristics.
I t  w as found th a t  the  dopant activation of electrical activity  for the  acceptor 
im plan ta tion  is no t as effective as th a t  of th e  donor im plantation. This is possibly due to 
the  creation of recom bination centres by acceptor im plan tation  into a-Si:H. A nother 
possible cause of th is  is th a t  the  strong  valence band ta il m ay have trapped  the  im planted 
acceptor ions resu lting  in  a  reduction in  the  electrical activity of the  im planted  dopant.
The resu lts  of using  h igh  energy im plan ta tion  through the  Schottky m etal have 
shown an  increase in  leakage cu rren t of about an  order occurs presum ably  due to the  
presence of m etal im purities.
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C h a p t e r  5
B a r r i e r  M o d i f i c a t i o n  b y  D o p a n t  I m p l a n t a t i o n
From  the  preceding experim ental resu lts  i t  is evident th a t  in  a  m etal/a-Si:H  diode, 
the  Schottky b a rrie r  m ade a t  the  in terface provides the  m eans by which the  electrical 
properties of a  surface layer can be assessed. H ere, we consider the  use of a  surface layer to 
control th e  sign and  m agnitude of th e  space charge associated w ith  a  Schottky b a rrie r  and 
hence th e  electric field a t  the  surface. Consequently, the  electric field a t the  surface 
essentially  determ ines the  electrical behaviour of the  device and  its  perform ance. This 
chapter p resen ts th e  resu lts  from a  study  of the  a-Si:H b a rrie r  m odification using  ion 
im plantation  of dopants. The effective b a rrie r  he igh t w as m easured using  the  I-V m ethod.
In  order to d istingu ish  betw een doping effect and dam age effect, we begin w ith  a 
description of b a rrie r  changes following im plan ts  of the  n eu tra l im purities, silicon (Si) and 
xenon (Xe). We will th en  look a t  th e  effect of doping on barrier ra is ing  and  b a rrie r  lowering 
using  various n- and  p-type dopant im plantations, respectively. In  p a rticu la r we shall be 
concerned w ith  modifying the  effective heigh t of Schottky b a rrie r  w ith  no de trim en t to 
device perform ance. The analysis of th e  I-V m easurem ents m ade on a-Si:H  Schottky diodes 
having surface layers form ed by ion im plan ta tion  is therefore focussed m ainly  on changes 
in  reverse cu rren t sa tu ra tio n  and  ideality  factor and  th e ir  dependence on the  properties of 
the  surface layer. C u rren t density-applied voltage characteristics of the  unim planted  
reference sam ples generally  yield consistent b a rrie r  heights w ith in  ± 0.03 V and  these 
varia tions appear on sam ples tak en  from different wafers and could also be due to 
interface effects such as the  presence of interface s ta te  and in terfacial oxide layer. In  
addition to th e  wide range of dopants studied, the  effects of annealing  before and  a fte r the  
deposition of th e  Schottky m etal contact will be studied. F inally , we will discuss the 
proposed rela tionsh ip  betw een the  electrical activity and th e  concentration of the 
im planted  dopants. As reported  in  chap ter 4, th e  optim al annealing  conditions giving the  
best diode characteristics have been ascerta ined  (annealed a t  250°C for 30 m inutes). Thus 
only J-V  characteristics of the  diodes annealed  a t  th is  tem pera tu re  a re  p resen ted  here.
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5 .1  B a r r i e r  C h a n g e s  F o l l o w i n g  N e u t r a l  I o n  I m p l a n t a t i o n
Im plan ts of Si and Xe a t 10 and 15 keV, respectively, into a-Si:H diodes were used 
in  th e  firs t p a rt  of the  following experim ents. These two ions were chosen because of th e ir  
large difference in  atom ic m ass and th u s  large varia tion  in  DPA for a  given dose, as 
discussed in  section 4.5. For exam ple, from tab le  4.6 the  DPA values obtained for an  equal 
dose of lx lO 14 cm-2 of Si and  Xe im plan ts are  0.15 and  0.38, respectively. Because of th is, it  
is suggested th a t  any  varia tion  in  effective b a rrie r  height m easured  for th e  two different 
sam ples im planted  w ith  the  sam e dose corresponds to a  difference in  the  calculated DPA.
J-V  characteristics of the  annealed  Cr/a-Si:H diodes having  surface layers formed 
using direct im plan ta tion  of 10 keV Si for doses betw een 3 x l0 12 Si cm-2 and  lx lO 14 Si cm'2 
are shown in  figure 5.1. Also shown in  the  figure are  the  effective b a rr ie r  heights (ftb) 
which were determ ined from the  corresponding reverse characteristics using  equation 
(3.2). I t  can be seen th a t  th e  <j)b of the  Cr/a-Si:H diode im planted  w ith  3 x l0 12 Si cnr2 is 
about 10 mV lower th a n  th a t  of the  reference and  th a t  the  <f>'B reduces w ith  increasing dose 
of Si, sa tu ra tin g  a t  a  value of 0.8 V a t  lx lO 14 Si cm'2. As the  4>b changes are  sm all and 
since n eu tra l ions were im planted  ra th e r  th a n  dopant ions, i t  is therefore suggested th a t  
the  changes in  (/>'b observed are  a ttr ib u ted  to dam age effect. The ideality  factor n of the  
im planted  silicon obtained for 3 x l0 12 Si cm'2 and lx lO 14 Si cm'2 a re  1.17 and  1.30, 
respectively. For all th e  doses of silicon presented , the  forw ard characteristics are  space 
charge lim ited  to the  sam e cu rren t density  for b iases of 0.4 to 1.0 volts, below which the  
characteristics show linear-re la tionships in  the  semi-log scale w hich exhibit the  
exponential behaviour of the  Schottky contact up to about 0.3 V [93]. Therefore, cu rren t 
can be tran spo rted  across th e  m etal/sem iconductor barrier, a t low biases, by e ither 
therm ionic em ission process or diffusion m echanism  [48]. A t h igher forw ard biases, the  
forw ard characteristics deviate increasingly w ith  bias. The cu rren t tra n sp o rt th rough  the 
diode is evidently h ighly nonlinear in  forw ard bias and the  forw ard curves follow a power 
law  [93]. Indeed, the  log-log plot of cu rren t density  against applied voltage in  the  forw ard 
direction betw een 0.4 V and  1 V becomes linear (an example of th is  plot is shown in  figure 
3.8), indicating the  presence of space charge lim ited curren t (SCLC).
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Figure 5.1 Characteristics of Cr/a-Si:H Schottky diodes without and with Si im plantation at
10 keV following a 250°C anneal. The effective barrier height changes at most by 0.1 V with the 
highest dose of lx lO 14 Si cm 2 as compared w ith th a t of the reference (no implant) diode.
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The characteristics tak en  from diodes bom barded w ith  th ree  different doses of Xe 
a t 15 keV are  shown in  figure 5.2. C learly the  change sa tu ra te s  a t  0.12 V w ith  
increasing dam age which is sim ilar to th a t  found following Si im plantation . The 
discrepancy in  the  sa tu ra tio n  of <J)'b observed in  Si and Xe sam ples of th e  sam e dose m ay 
resu lt from th e  differing residual dam age concentration, in  agreem ent w ith  th e ir  different 
DPA values.
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F ig u re  5.2 Cr/a-Si:H diode characteristics of un im planted  and Xe im plan ted  sam ples 
annealed  a t  250°C, showing dam age effect due to Xe bom bardm ent. The Ix lO 14 Xe cm'2 
im plan t increases the  effective b a rrie r  he igh t by 0.12 V w ith  respect to th e  reference.
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5 .2  B a r r i e r  L o w e r i n g  F o l l o w i n g  G r o u p  V  I o n  I m p l a n t a t i o n s
I t  is w orth  now to provide the  definition of a  surface layer. I t  is defined to be a layer 
formed a t  the  surface region of a  sem iconductor whose electrical p roperties determ ine the 
electric field in  th is  region. As a  d irect consequence, i t  determ ines th e  he igh t of the  b a rrie r 
formed betw een the  m etal and  semiconductor. This section is concerned w ith  the  situation  
w here the  surface layer is heavily  doped to th e  substra te  by using  ion bom bardm ent. In  
th is  case, the  in troduction of dopant im purities w ith in  the  depletion layer of the  b a rrie r  
changes the  electric field a t the  interface which modifies the  tra n sp o rt of carriers and  the  
effective b a rrie r  heights. A b rie f discussion on the  theoretical basis of b a rrie r  control is 
given in  section 2.2.1.5. In  th is  section, the  effect of b a rrier lowering of Cr/a-Si:H  Schottky 
diodes will be dem onstrated  using  surface layers doped w ith  group V ions. In  order to 
explore the  reduction of b a rrie r  height, a wide range of ions and  doses w ere used. These 
ions have included antim ony (Sb), phosphorus (P), arsenic (As) and  n itrogen  (N). In  each 
case, an  un im plan ted  sam ple w as used which serves as a  reference to which the  effective 
b a rrie r  he igh t changes following im plan ta tion  could be compared. The reference sam ple 
had  been annealed  b u t not bom barded. In  order to keep the  size of th is  thesis w ith in  
reasonable bound, only some of the  characteristics are  shown here.
F igure 5.3 shows th e  change in  J-V  characteristics of Cr/a-Si:H b arrie rs  having 
surface layers formed by direct im p lan ta tion  of 15 keV antim ony following an  annealing  
trea tm en t a t  250°C. From  th is  figure, th e  effective b a rrier heigh t w as seen to reduce w ith 
increasing antim ony dose. A t Ix lO 14 Sb cm'2 shown, it  can also be observed th a t  the 
effective b a rrie r  he igh t reduced by 0.23 V from th a t  of the  un im plan ted  reference. The 
observed changes in  effective b a rrie r  heigh t are  substan tia lly  larger th a n  those of the  in ert 
ions and th is  d isparity  is ascribed to th e  effect of dopant im p lan ta tion  ra th e r  th a n  the 
dam age effect.
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F ig u re  5.3 J-V  characteristics of Cr/a-Si:H  diodes before and a fte r im p lan ta tion  of 
different doses of antim ony ions and after annealing  a t  250°C for h a lf  an  hour.
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J-V  characteristics of Cr/a-Si:H diodes following phosphorus bom bardm ent w ith  
several different doses and annealing  a t  250°C are  presented  in  figure 5.4. Except a t 
im planted  doses g rea ter th a n  lx lO 14 P  cm*2 shown, it  can be seen th a t  th e  reverse cu rren t 
density  sa tu ra te d  a t  approxim ately -5kT /q , as expected from equation (2.12) and  the  sam e 
effective b a rrie r  heigh t w as obtained from both  forw ard and reverse directions. This 
dem onstrates a  strong  reverse sa tu ra tio n  of the  reverse characteristic  and  indicates th a t  
all th e  im planted  im purities were depleted a t zero bias. A t the  h ighest dose of 1.5x1014 P  
cm-2, however, i t  is observed th a t  a  reverse applied bias of 0.7 V w as requ ired  before the  
cu rren t sa tu ra te d  and th e  surface layer w as fully depleted. This re su lt exhibits a 
degradation of the  reverse characteristic . Consequently, the  b a rrie r  he igh t determ ined 
from the  forw ard characteristic  is slightly  h igher th a n  th a t  from the  reverse characteristic. 
The strong  bias dependency of th e  reverse cu rren t could possibly be due to the  edge effect 
around the  periphery  of the  m etal. The m easurem ents of b a rrie r  he igh ts m ade on Cr/a- 
Si:H diodes of different areas however have shown th a t  there  is no dependence on diode 
area, ind icating  th a t  peripheral leakage is negligible. An a lternative  explanation  could be 
th a t  the  form ation of h igh m etastab le  defect densities a t the  surface and  in  the  bulk  of a- 
Si:H, re la ted  to th e  h igh DPA values of 0.16 and 0.24 calculated for high doping 
concentrations of lx lO 14 P  cm*2 and 1 .5x l014 P  cm*2, respectively. For th is  reason, the  J-V  
characteristic  is seen to deviate from the  ideal behaviour. Significant deterioration  in  
ideality  factor is observed for the  h igher doses. As there  is no linea r p a r t  in  the  forw ard 
direction for doses g rea ter th a n  lx lO 14 P  cm*2, th e  values of ideality  factors could not be 
determ ined. W hereas, for the  lower doses, i t  is observed th a t  the  effective heigh t decreases 
w ithout any significant degradation of the  reverse characteristic  and  th e  ideality  factor 
obtained for the  lower doses is 1.15 ± 0.03.
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F ig u re  5.4 J-V  characteristics of annealed  Cr/a-Si:H b arrie rs  w ith  surface layers 
im planted  w ith  various doses of phosphorus. Influence of the  doping level on the  effective 
b a rrie r  height is shown.
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The situa tion  following direct im plan ta tion  w ith  arsenic is shown schem atically in  
figure 5,5. I t  can be seen th a t, even w ith  th e  lowest dose of lx lO 12 As cm'2, a significant 
reduction of 0.04 V in  the  effective b a rrie r  he igh t is obtained and  th a t  th e re  is a  large 
change of 0.21 V in  the  effective b a rrie r  he igh t a t  the  h ighest dose of 3 x l0 13 As cm'2. A part 
from the  h ighest dose, i t  is seen th a t  there  is a  strong  reverse sa tu ra tio n  characteristic  and 
the  ideality  factor of the  im planted  diodes determ ined from the  forw ard characteristic  was 
1.12 ± 0.02. Furtherm ore , the  space charge lim ited cu rren t behaviour in  a-Si:H is observed 
in  the  forw ard characteristic  a t  h igh  applied biases betw een 0.4 V and  1.0 V. All these 
featu res indicate th a t  residual trapping , generation/recom bination centres have a 
negligible effect on the  J-V  characteristics.
The varia tions in  the  effective b a rrie r  he igh t of Cr Schottky diodes on a-Si:H using 
surface layers im planted  w ith  n itrogen w ere found to be less pronounced th a n  those of 
Cr/a-Si:H Schottky diodes im planted  w ith  phosphorus or arsenic, despite th e ir 
sim ilarities in  the  ideality  factor and  shape of the  forw ard characteristic  w ith  those of the  
reference shown in  figure 5.6. These resu lts  suggest th a t  the  incorporation of nitrogen into 
a-Si:H m atrix  does no t appear to degrade both the  forward and  reverse characteristics. 
There is hard ly  any  changes occurred in  the  reverse characteristic  even for the  h ighest 
dose, suggesting th a t  the  poor N doping efficiency in  a-Si:H which is due to n itrogen 
alloying w ith  a-Si:H [2]. However, th is  topic is beyond the  scope of th is  study  and will not 
be discussed fu rther.
The w ork on phosphorus im p lan ta tion  has  been extended to study  the  effects of 
pre- and post-m etallisation annealing  on the  effective b a rrie r changes. A fu rth e r series of 
experim ents have been studied  w ith  d ifferent sequences of annealing  tre a tm e n t and  
deposition of top m etal contact or m etallisa tion  process:
(1) Reference w ithout im plant, post-m etallisation annealing a t 250°C.
(2) Reference w ithout im plant, pre- and  post-m etallisation annealing  a t  250°C.
(3) P  im plant, post-m etallisation annealing  a t 250°C.
(4) P  im plant, pre-m etallisation  annealing  a t 250°C.
(5) P  im plant, pre- and  post-m etallisation annealing  a t 250°C.
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F ig u re  5.5 J-V  curves of Cr/a-Si:H diodes as a  function of arsenic doses, showing the  
reduction of effective b a rrie r  he igh t is effected by increasing the  doses.
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F ig u re  5.6 Cr/a-Si:H Schottky diodes characteristics following n itrogen im plan ta tion  a t 
10 keV. The i layer thickness w as 0.5 pm.
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In  all cases, the  surfaces of the  Schottky diodes were bom barded w ith  5 x l0 12 P  cm'2 
phosphorus. The resu lts  are  p resen ted  in  figure 5.7. As can be observed from th is  figure, 
th ere  only seem s to be very little  difference in  th e  reverse sa tu ra tio n  cu rren t for both  the  
unim plan ted  reference sam ples despite th e  different sam ple p repara tion  sequences 
used. Consequently, the  effective b a rrie r  heigh ts m easured for the  two reference sam ples 
varied  by only 0.01 V. I t  is suggested th a t  these values differ only th rough  experim ental 
uncerta in ty  as a  re su lt of random  erro r such as interface roughness, tem pera tu re , surface 
effects, etc., and which therefore a re  identical w ith in  experim ental error. A lthough the  
varia tions in  the  effective b a rrie r  he igh t obtained for the  as-im planted sam ples are  only 
0.06 V, the  effect of pre-m etallisation annealing  w as found to degrade th e  J-V  characteristic  
in  both forw ard and  reverse directions. I t  is suggested th a t  the  degradation  in  the  forw ard 
characteristic  is probably caused by th e  in troduction of defect s ta tes  in  th e  bulk  of the  a- 
Si:H. The deviation in  th e  reverse cu rren t from the  ideal characteristic  could be due to the  
presence of in terface s ta tes  or possibly due to the  effect of a  th icker oxide in te rlayer formed 
a t the  interface. Com parison of the  J-V  characteristics of pre-m etallisa tion  annealing  w ith  
th a t  of th e  unim plan ted  reference w ith  the  sam e prepara tion  sequence show th a t  i t  is 
unlikely th a t  the  in terfacial oxide layer is accounted for the  deterio ra ted  characteristic  
since there  is no sign of degradation in  the  reference diode’s characteristic . Given th a t  the  
sam ple w as im planted  w ith  5 x l0 12 P  cm’2 and th a t  it  is annealed  prior to m etal deposition 
and  hence, prior to d ilu ted  hydrofluoric acid trea tm en t, it  is therefore m ore likely rela ted  
to the  creation of defect s ta tes  a t  the  surface and  in  the  bulk  of a-Si:H and  the  m igration of 
hydrogen atom s due to th e  lack of additional coverage of the  a-Si:H surface w ith  hydrogen. 
The details of defect creation are  discussed in  section 2.1.4.
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Figure 5.7 Com parisons of Cr/a-Si:H Schottky diode characteristics w hereby the 
5 x l0 12 P  cm*2 im planted  diodes have been annealed  before and after deposition of th e  top 
chrom ium  contact. The i layer th ickness w as 0.5 pm.
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5 .3  B a r r i e r  R a i s i n g  F o l l o w i n g  p - t y p e  I o n  I m p l a n t a t i o n
Following the  experim ents on b a rrie r  lowering w ith  p-type im plan tation , we now 
a ttem p t to enhance the  effective b a rrie r  he igh t using p-type im purities such as indium  
(In), boron (B) and  boron diflouride (BF2).
J-V  characteristics of Cr/a-Si:H Schottky diodes directly im plan ted  w ith  ind ium  of 
various doses and  annealed  a t 250°C are  shown in  figure 5.8. Clearly, th e re  is no apparen t 
changes observed in  the  effective b a rrie r  height, suggesting th a t  th e  process w as not very 
efficient. A possible explanation is th a t  v irtua lly  all the  acceptors a re  ionised and  is 
thought to be due to th e  valence band ta il of a-Si:H which is m uch broader th an  its 
conduction band and the  Ferm i energy rem ains fu rth e r from the  band  edge, so th a t  the  
probability  th a t  a  hole occupies an  acceptor is m uch sm aller [2]. Due to th e  unsuccessful 
a ttem p t of increasing b a rrie r  height w ith  indium , a second a ttem p t is m ade using  boron.
For th e  im p lan t of boron, i t  can be observed from figure 5.9 th a t  w h ilst the  effective 
b a rrie r  he igh t of th e  Cr/a-Si:H diode w as seen to increase by 0.12 V for a  dose of lx lO 13 B 
cm-2 from th a t  of the  un im plan ted  reference diode, a  serious degradation  of the  J-V  
characteristics w as observed. This degradation applies to both forw ard and  reverse 
characteristics of all boron im planted  sam ples. F irstly , it  can be seen th a t  th ere  is an  offset 
in  the  zero b ias voltage which m ay be due to th e  creation of h igh defect density  by the  
boron im plan t [941. Secondly, the  k ink  in  the  forw ard curve a t about 0.4 V observed reveals 
th a t  the  device has an  undepleted  acceptor region [95]
I-V m easurem ent on Cr/a-Si:H diodes having  surface layers form ed by direct 
im plan ta tion  of BF2, shown in  figure 5.10 indicate th a t  the  overall effects are  sim ilar to 
those found following B im plantation . A t the  h ighest of 1 .5xl014 B F2 cm*2, there  is a  sm all 
enhancem ent of the  b a rrie r  he igh t of about 0.06 V to give an  effective b a rrie r  heigh t of 
about 1.0 V.
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Figure 5.8 Cr/a-Si:H Schottky diodes w ith  ind ium  (In) im plan ta tion , annealed  a t 
250°C. The i layer th ickness w as 2 pm.
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F ig u re  5.9 J-V  characteristics of Cr/a-Si:H diode following boron im plan ta tion  a t  10 
keV w ith  several d ifferent doses. The i layer thickness w as 1 pm.
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F ig u re  5.10 C urrent-voltage characteristics of Cr/a-Si:H Schottky diodes im planted  w ith  
B F2 a t 10 keV prior to m etallisa tion  and annealed  a t 250°C. The i layer th ickness w as 2 
pm.
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5 .4  D u a l  I m p l a n t a t i o n  o f  P h o s p h o r u s  a n d  B o r o n  D i f l o u r i d e
On the  basis of the  above im planted  acceptors resu lts , fu rth e r im p lan ts  into the 
w afer w ere carried  out for the  purpose of reassessing  the  activation of th e  p-type dopant. 
One m ethod is the  co-im plantation of a  second ion species w ith  th e  acceptor dopant, w here 
the  co-im planted species is a  donor which tends to lower the  effective h e igh t of the  barrier. 
In  th e  final experim ent on th e  effective b a rrie r  heigh t modification, th e  effect of dual 
im plants of B F2 (acceptor) and  P  (donor) on the  effective b a rr ie r  he igh t changes was 
investigated.
The w afer w as firs t im planted  w ith  3 x l0 13 P  cm-2 of phosphorus (P); one h a lf  of the  
wafer w as th en  dual-im planted  w ith  an  equal dose of BF2, th e  o ther h a lf  of th e  w afer being 
kep t clear of the  BF2 im p lan t by a m ask. The resu lts  of I-V m easurem ents a re  sum m arised 
in  figure 5.11. Clearly, the  presence of th e  P  im planted surface layer decreases the  
effective b a rrie r  height, the  reverse cu rren t differs substan tia lly  from  th a t  of the  
un im plan ted  reference by over four orders of m agnitudes. The purpose of th is  im p lan t is to 
provide a control aga inst w hich th e  characteristic  of co-im planted BF2 and P  can be 
compared. In  com parison w ith  the  control diode, the  reduction in  reverse cu rren t density  
th a t  can be seen w ith  the  co-im planted diode resu lts  in  an  increased effective b a rrie r  
he igh t of 0.24 V. The ideality  factor in  the  forw ard direction is 1.02, w hich is the  sam e as 
th a t  of the  un im plan ted  reference, w ith in  experim ental error. I t  is observed th a t  the  strong 
b a rrie r  lowering following P  im plan ta tion  is alm ost completely com pensated by the  BF2 
w ith  the  resu lt th a t  the  effective b a rrie r  he igh t reverts to a value close to th a t  of the  
un im plan ted  reference diode. This resu lt suggests th a t  it  is not im plausible to m ake high 
b arriers  on a-Si:H using  p-doped surface layers and the  poor efficiency of p-type im plan t is 
very likely due to the  valence band ta il broadening in  a-Si:H [2].
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F ig u re  5.11 C haracteristics of Cr/a-Si:H diode before and after dual-im plantation. 
3 x l0 13 P  cm-2 ( f B=0.65 V), 3 x l0 13 P  cm-2 and 3 x l0 13 BF2 cm*2 ( ^ s =0.89 V), and 
unim planted  reference (^ = 0 .9 3  V). The i layer thickness w as 2 pm.
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5 .5  R e l a t i o n s h i p  B e t w e e n  E l e c t r i c a l  A c t i v i t y  a n d  D o p a n t  C o n c e n t r a t i o n
I t  is know n th a t  th e  change of effective b a rrie r  height A$b following im plantation  
w ith  an  ion dose D can be approxim ated using a  sim ple expression [96]:
A<fn ~aAE = bSE L  (5.1)
££0
w here a  is the  effective tunnelling  constan t of 40 A in a-Si:H [96, 97], and
y is th e  fraction of electrically active im purities.
From  the  above equation, the  reduction in  b a rrier he igh t A<P'b gives the  change in  
electric field AEs due to the  im planted  im purities and  hence, the  fraction th a t  is electrically 
active. This fraction (y) is plotted in  figure 5.12 as a function of ion dose. From  th is  plot it 
can be seen th a t  the  data , except nitrogen, all falls close to a s tra ig h t line fit w ith  a slope 
corresponding to r| oc D~05 . As the  n itrogen did not show the observed correlation betw een 
the  doping efficiency r\ and ion dose D, th is  suggests th a t  n itrogen is no t a dopant. This 
deduction is supported by experim ental evident presented  in  figure 5.6 w hich shows the 
reverse characteristics of Cr/a-Si:H diodes following nitrogen im plantation.
I t  is found th a t  the  activities of the  common donors can be as h igh as -90%  a t the  
lowest doses. However, a t the  h ighest doses these calculations underestim ate  the  activity 
because the  b a rrie r  becomes lower th a n  th e  conduction band edge in  the  bulk  of the  
m ateria l. For in trinsic  a-Si:H, the  conduction band edge is about 0.7 eV above th e  Ferm i 
level [2], so for b a rrie r  changes > 0.2 V below th a t  of the  reference (-0 .91 V), the  J-V 
characteristics become determ ined by th e  bu lk  ra th e r  th an  the Schottky contact.
R ather m ore convincing evidence of the  fact th a t  n itrogen could not be used as a 
dopant in  a-Si:H is shown in  figure 5.13 which shows a parabolic rela tionsh ip  betw een the  
fraction of electrically active dopants and  the  peak  concentration of im plan ted  dopants. As 
the  peak  concentration increases the  electrical activity of dopants reduces rapidly  for 
concentration h igher th an  lx lO 18 atom s cm"3. I t  can be seen th a t  th e  dopants, except 
nitrogen, all fits into the  parabolic function. This fu rther suggests th a t  n itrogen indeed is 
not a donor in  a-Si:H.
122 B arrie r Modification
-2Implanted Dose (D: atoms cm )
Figure 5.12 A plot of n e t activity  of common dopants derived from changes in  cu rren t 
density-applied voltage characteristics as a  function of im planted  dose. T his s tra ig h t line 
fit shows the  correlation betw een the  doping efficiency and the  im plan ted  dose.
(Note th a t: The solid line is the  lea s t squares fit to all the  data , except th e  nitrogen data.)
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Figure 5.13 A plot of n e t activity of donor im plan ts against peak  im purity  concentration, 
showing th e  parabolic rela tionsh ip  betw een the  fraction of electrically active dopants and 
the  peak  concentration of im planted  dopants.
(Note tha t: The dotted line is the  parabolic fit to all th e  data , except th e  n itrogen data.)
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5 .6 D i s c u s s i o n  o f  R e s u l t s
For th e  im plan tation  using  n e u tra l ions, (Si and Xe), on Cr/a-Si:H  Schottky diodes, 
i t  h as  been shown th a t  the  effective b a rr ie r  he igh t changes w ith  increasing  dose b u t the  
changes are  found to be sm all com pared w ith  those following donor im plantation . I t  is 
therefore suggested th a t  th e  effective b a rr ie r  height changes w ith  donors is a  genuine 
effect of doping ra th e r  th a n  a dam age effect induced by ion bom bardm ent.
In  order to reduce the  effective heigh t of the  Schottky barriers , th e  surface layers in  
a-Si:H w ere doped w ith  group V im purities. The increase in  the  doping level reduces the  
th ickness of th e  depletion region to such an  ex ten t th a t  therm ionic-field em ission takes 
place, w ith  a  resu lting  decrease in  th e  b a rrie r  height. By careful control of the  donor 
concentration and d istribu tion  in  th e  surface layer so th a t  the  depletion region covers the  
heavily  doped layer under zero bias, i t  is possible to m ain ta in  a  good reverse characteristic. 
The ex tra  field produced by th e  application of the  reverse b ias w as generated  
p redom inantly  w ith in  the  low-doped bu lk  of th e  a-Si:H semiconductor, so th a t  the  surface 
field w as not a ltered  m uch and th ere  w as com paratively little  increase in  the  therm onic- 
field em ission curren t. Therefore, we are  able to reduce the  b a rrie r  he igh t of chrom ium  
Schottky b a rriers  by up  to 0.2 V e ither by im planting  w ith  Sb, P  or As. Typical m ean 
ranges and  surface concentrations of the  im plan ted  ions are p resen ted  in  table 5.1 using 
m ethod described in  section 4.5.
Table 5.1 The m ean ranges and  surface concentrations of d ifferent im planted  ions.
Ion Species Ion Energy 
(keV)
Mean Range
(A)
Peak Surface Concentration 
(ions cm-3)
j A ntim ony (Sb) 15 148 9 .8 x l0 19
Phosphorus (P) 10 166 5 .0 x l0 19
1 A rsenic (As) 10 124 9 .2 x l0 19
* Ion dose w as chosen to be l x l0 14ions cm-2 for the  calculation of surface concentration.
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Plotted  in  figure 5.14 is the  change in  effective b a rrier he igh t of Cr/a-Si:H  Schottky 
barriers  as a  function of ion dose for surface layers im planted w ith  Si, Xe, Sb, As and  P  a t 
10 and  15 keV. I t  can be seen from th is  plot th a t  the  change in  effective b a rrie r  heigh t 
increases w ith  ion dose for all th e  resu lts  of n-type im plantation , w hich is in  qualita tive  
agreem ent w ith  equation (5.1). C learly, the  effective b a rrie r changes using  Si and  Xe 
im plan ts are  sm aller as com pared to Sb, As, and  P  due to th a t  fact th a t  th ese  are  in ert ions 
which therefore do not introduce any doping effect.
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F ig u r e  5.14 The change in  effective b a rrie r  height of Cr/a-Si:H  Schottky diodes 
as a  function of dose having  the  surface layers formed by in ert and  dopants im plantations.
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I t  is found th a t  the  use of h ighly doped surface layers enables th e  b a rrie r  height of 
Cr/a-Si:H to be reduced over a  wide range. Surface layer im planted  w ith  1 .5x l015 P  cn r2 
phosphorus, for example, allows the  b a rr ie r  he igh t to be lowered by as m uch as 0.35 V. I t  is 
however necessary  th a t  the  effective b a rrie r  heigh t can be reduced w ithout serious 
degradation  of th e  J-V  characteristic . Therefore, there  exists an  optim um  dose for each 
im plan ted  im purity  for which the  change in  effective b a rrie r he igh t is a  m axim um  while 
keeping the  ideality  factor low. To reduce the  effective b a rrie r  he igh t w hile optim ising the 
properties of th e  diode the  optim um  dose for each im plan t w as determ ined. The optim al 
doses for Sb, As and P  are  presen ted  in  tab le  5.2. The param eters  sum m arised  in  th is  table 
are  th e  m axim um  allowable reduction in  effective b a rrie r  heigh t for each im plan t w ithout 
serious degradation  of the  reverse characteristic , along w ith  its  corresponding dose and 
ideality  factor n.
T he firs t th ing  th a t  can be seen from the  tab le  is the  rela tively  low value of ideality  
factor of 1.1 ± 0.1 obtained from th e  J-V  characteristics for all as-im planted  sam ples, which 
is identical to those of the  un im plan ted  reference sam ples, w ith in  experim ental error. W ith 
th is  ideality  factor of 1.1, the  optim um  range of b a rrie r  changes of 0.19 V is obtained for 
l x l 0 13P, above which the J-V  characteristic  deviates from an  ideal characteristic .
T a b le  5.2 The m axim um  change in  effective b a rrie r height, along w ith  its  ideality  
factor and im plan t dose.
Ion
Species
Energy
(keV)
Dose 
(ions cm 2)
Ideality
Factor
Change in (J)'b 
(V) |
Sb 15 lx lO 13 1.10 0.19
As 10 lx lO 13 1.12 0.18
P 10 lx lO 13 1.10 0.19
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Before we discuss some possible effects th a t  can lim it the  change of effective b a rrier 
height, we will discuss th e  varia tions in  the  ideality  factor n seen from  one reference 
sam ple to another. I t  is found th a t  there  is a  varia tion  of approxim ately 3% in  the  
m easured  ideality  factors for all reference sam ples. In  addition to experim ental variations, 
la te ra l inhom ogeneities due to surface roughness a t  the  m etal/a-Si:H  in terfaces, resu lting  
from sm all la te ra l varia tions in  the  ex ten t of reactions and in terdiffusion a t  the  interfaces, 
will increase values of diode ideality  factors above un ity  and can account for m uch of the  
varia tion  in  the  observed ideality  factors. The deviation of n from un ity  m ay also be caused 
by the  effect of th in  oxide layer p resen t a t the  interface [98].
In  general, the  presence of a th in  in terfacial oxide layer introduces a  series 
resistance to the  contact and as a  direct consequence, i t  tends to reduce the  spreads of 
effective b a rrie r  heights [47]. Therefore it  is necessary to remove th is  oxide in te rlayer by 
using  a d ilu ted  hydrofluoric acid. For the  experim ents done on pre- and  post-m etallisation 
annealing, fu rth e r effect of in terfacial reaction process w as evident in  the  observed reverse 
characteristic  and  diode ideality  factor n. The resu lts  have shown th a t  th ere  w as no m ajor 
difference betw een th e  different p repara tion  sequences except th a t  annealing  before top 
m etal deposition should be avoided because it  causes detrim ental effect to the  device and 
resu lts  in  a  degradation of the  J-V  characteristic. The effect seem ed to be dom inated by the  
defect s ta tes  caused by the  im p lan ta tion  which could not be rem oved by annealing  before 
m etallisa tion  process. A nnealing after m etal deposition will however keep the  value of 
diode ideality  factor low presum ably  due to surface passivation by the  additional coverage 
of hydrogen following the  H F tre a tm e n t [93]. This serves to h ighlight the  im portance of dip 
etching in  hydrofluoric acid.
Shannon [47] studied the  effective b a rrie r  height of nickel/silicon b a rriers  using a 
surface layer im planted  w ith  antim ony and  annealed  a t 700°C. H is resu lt, collected over a  
dose range of Ix lO 12 Sb cn r2 to 5 x l0 12 Sb cm'2, showed th a t  the  b a rrie r  h as  been reduced by 
an  am ount in  the  range of 0 to 0.2 V w ithout significant degradation  of the  reverse 
characteristic. This work has shown th a t  the  b a rrie r  heigh t of ehrom ium /a-Si:H  can be 
reduced by having  surface layers im planted  w ith  antim ony. According to tab le  5.3, i t  can 
be seen th a t  the  m axim um  effective b a rrie r  changes of 0.19 V is obtained a t  a dose of
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lx lO 13 Sb cm*2, together w ith  a  reasonable ideality  factor of 1.1. W hile the  sam e am ount of 
effective b a rrie r  reduction has  been obtained in  both studies, the  antim ony dose used in  
th is  w ork is a  factor of five tim es h igher th a n  th a t  of Shannon [47]. However, since 
Shannon’s m easurem ents have been perform ed on crystalline silicon m ateria l, a  direct 
com parison betw een the  two sets of experim ents could not be m ade. N evertheless, the  
sim ilarity  in  th e  da ta , th a t  is, th e  b a rrie r  reduces w ith  increasing dose, is observed.
I t  follows from equation (5.1) th a t  if, for example, one w ishes to reduce the  effective 
heigh t of a  chrom ium  b arrie r  on a-Si:H by approxim ately 0.09 V, the  electrical activities of 
about 80% can be obtained w hen using  phosphorus of an  im planted  dose of 2 x l0 12 P  cm*2 to 
form the  surface layer. W hile th e  activities of th e  common donors can be as h igh  as ~90% 
a t the  lowest doses, a t  th e  h ighest doses th e  calculations u nderestim ate  the  activity 
because th e  effective b a rrie r  becomes lower th a n  th e  conduction band edge in  the  bulk  of 
the  m ateria l. For in trinsic  a-Si:H, the  conduction band is ~0.7 eV above th e  Ferm i level so 
for b a rrie r  reduction g rea ter th a n  0.2 V below the  reference of ~0.92 V, th e  bulk  prevails 
over the  Schottky contact in  determ ining  the J-V  characteristics.
The above w ork on b a rrie r  reduction w as based on group V m ateria ls , th e  la tte r  
w ork on b a rrie r  ra is ing  w as on p-type m ateria ls. We have found th a t  th e  effective b a rrie r  
height can be increased by using  surface layers doped w ith  im purities of the  opposite type 
to those in  the  in terio r of the  sem iconductor, i.e. p-type doping. However, i t  has been 
shown th a t  the  effect of the  im plan ted  acceptors is not as large as for donors, the  reason 
being th a t  the  strong  valence band ta il and  th e  trapp ing  of holes by charged silicon 
dangling bond defects have reduced the  n e t electrical activation of th e  im planted 
acceptors.
The experim ents on b a rrie r  ra is ing  using  boron im plants h as  been som ew hat less 
successful. However, for BF2 we did observe an  increase in  the  b a rrie r  w ith  increasing  dose 
of BF2 w ith  lesser degradation of the  J-V  characteristics as com pared to th a t  for B. In  order 
to prove th a t  th e  b a rrie r  ra ising  is a  rea l effect for p-type dopant, phosphorus ion w as firs t 
im planted  so as to deliberately reduce the  b a rrie r  height which w as th en  followed by BF2 
im plan ta tion  to observe the  subsequen t changes in  b a rrie r change. F rom  the  resu lts , an
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enhancem ent the  effective b a rrie r  he igh t of 0.23 V w as observed. This confirmed th a t  the  
activity of B F2 atom s can indeed be h igh  and  com parable w ith  th a t  of th e  phosphorus.
5.7 Conclusions
In  th is  chap ter we have com pared the  J-V  characteristics of diodes im planted  using 
various dopant ions w ith  those of n eu tra l im plan tations which conclude th a t  the  changes 
in  th e  reverse sa tu ra tio n  cu rren t density  are  due to a  dopant activity  effect ra th e r  th a n  a 
dam age effect.
From  th e  resu lts  obtained, we arrived a t a  conclusion th a t  the  b a rrie r  he igh t of 
Cr/a-Si:H Schottky barriers  can be modified by using  low energy ion im plan ta tion  of highly 
doped surface layers a t  the  interface. The process of lowering the  electron b a rrie r  has been 
shown to be very  efficient because of the  low doses involved and  th e  fact th a t  the  ne t 
dopant activities were high. As a direct consequence, the  ad justm ent of th e  barriers  can be 
achieved w ith  m inim al changes in  reverse leakage cu rren t and ideality  factor.
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C h a p t e r  6  
E f f e c t  o f  I o n  D a m a g e  o n  S i l i c i d e  F o r m a t i o n
All the work done so far has been concerned with the electrical properties of a metal on 
a-Si:H. If, however, the thin metal film reacts with a-Si:H at the metal/a-Si:H junction, metal 
silicide can be formed a t the interface. This silicide interlayer can improve the electrical quality 
of the metal/a-Si:H interface by making the interface electrically more stable and reproducible 
[93]. The resistivity of silicides is thus the most im portant criterion in considering them for 
m etallisation in  integrated circuits [99].
This chap ter p resen ts some of the  resu lts  of silicide form ation following e ither low 
energy direct im plan ta tion  of im purities into a-Si:H layer or h igh energy im plan tation  of 
im purities th rough  a  m etal contact. The silicide layers formed w ere th en  analysed using 
four-point probe m easurem ents and  RBS after the  excess m etal had  been removed.
6.1 Low Energy Direct Implantation
In  these experim ents direct im p lan ta tion  of neu tra l ions and various dopant ions 
w ith  d ifferent doses were m ade into a-Si:H sam ples w ith  struc tu re  given in  figure 3.3, type 
1(b). In  each case, an  ion energy of e ither 10 or 15 keV w as used. A fter im plantation , 
chrom ium  m etals were deposited onto the  surfaces of the  sam ples to give the  struc tu re  
shown in  figure 3.3, type 1(C). The sam ples w ere th en  annealed a t  different tem pera tu res 
range from 200°C to 350°C for 30 m inu tes in  order to form chrom ium  silicides. Any 
unreacted  chrom ium  a t  the  surface of the  chrom ium  silicides form ed following post­
m etallisa tion  annealing  w ere th en  etched aw ay as described in  section 3.3.
The resu lts  obtained from sheet resistance m easurem ents for layers im planted 
w ith  2 x l0 14 atom s cm-2 of xenon (neutral), antim ony (n-type) and  ind ium  (p-type) a t 15 keV 
are  shown in  figure 6.1 as a  function of annealing  tem peratu re . I t  can be seen th a t  the  
sheet resistances of the  im planted  sam ples are  found to be h igher th a n  th a t  of the  
unim planted  reference sam ple of 8.8 kQ □ +  before annealing. For th e  unannealed
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F ig u re  6.1 Sheet resistance of the  chrom ium  silicides as a  function of anneal 
tem pera tu re . Chrom ium  silicides are  formed following bom bardm ent of xenon, antim ony 
and indium  ions a t 15 keV and annealing  a t various tem pera tu res below 350°C.
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sam ples, th e  sheet resistances are  about 11.6 kQ CD'1 for antim ony im plan ted  sam ples and 
about 12.4 kQ CH for the  sam ples im planted  w ith  xenon and  indium . A fter annealing, the  
sheet resistances of th e  un im plan ted  and  im planted  sam ples reduce, tend ing  tow ards the  
sam e value as the  annealing  tem pera tu re  is increased a t  anneal tem pera tu res  of 200°C to 
300°C above which the  sheet resistances s ta r t  to increase again  a t 350°C. This suggests 
th a t  im plan ta tion  a t 15 keV m akes little  difference to silicide growth. I t  is possible th a t  the  
increase in  sheet resistance values m easured  a t  350°C m ay be re la ted  to th e  a  phase 
change from am orphous silicide to m icrocrystalline silicide [100].
The m easurem ents were repeated  using  silicon (neutral), phosphorus (n-type) and 
boron diflouride (p-type) w ith  various doses im planted  a t  10 keV. The tem pera tu re  
dependence of th e  m easured  sheet resistances of th e  sam ples are  p resen ted  in  figure 6.2. I t  
can be seen from the  plot th a t  the  sheet resistance value for the  unannealed  sam ples w ith 
h igh dose im plan ta tion  is about 1.6 kO D '1 lower th an  th a t  of the  unannealed  reference 
sam ple of about 8.8 kQ  □ 1. A fter annealing  a t  low tem pera tu res betw een 250°C and 
350°C, i t  is seen th a t  the  sheet resistance values for the  im plan ted  sam ples and the  
reference sam ple are  again  sim ilar, w ith in  experim ental uncertain ty , and  th a t  the  sheet 
resistance values decrease w ith  increasing  tem pera tu re . From  the  sim ilarity  of the  sheet 
resistances shown in figure 6.2, i t  is fu rth e r suggested th a t  d irect dopant im plan tation  
does not affect the  grow th of am orphous silicides.
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F ig u re  6.2 The tem pera tu re  dependence of the  m easured  sheet resistance  of chrom ium  
silicides. The sim ilarities of the  lines show th a t  the  silicide grow th ra te s  are  sim ilar to th a t  
of the  un im panted  sam ple a lthough various dopants and  neu tra l ions w ere used.
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6 .2  I m p l a n t a t i o n  i n t o  a - S i :H  T h r o u g h  a  M e t a l  F i l m
Up u n til th en  the  experim ents done on silicide form ation h as  considered the 
in troduction of im purities by d irect im plantation . Recoil im plan tations described below, 
however, w ere m ade using  both m etal and  in e rt ions a t an  energy of 150 keV to recoil 
atom s from m etal film of th ickness of e ither 250 A or 600 A. The p repara tion  steps to 
produce the  m etal silicides are  described in  sub-section 3.1.1. As before the  excess m etal 
has been rem oved by selective etching prior to th e  four-point probe m easurem ents.
The sheet resistance m easurem ents tak en  from the  a-Si:H sam ples recoil 
im planted  using  m olybdenum  w ith  d ifferent doses and annealed a t various tem pera tu res 
are shown in  figure 6.3. Also shown for com parison is the  reference sam ple which had  been 
annealed b u t no t bom barded. Clearly, there  is a  considerable reduction in  the  sheet 
resistance for all th e  im planted  sam ples a t room tem pera tu re  as com pared to th a t  
reference sam ple. I t  can be seen th a t  th e  sheet resistance value decreases w ith  increasing 
dose and  th a t  the  m easured  sheet resistance values of the  unannealed  as-im planted 
sam ples have reduced by factors of 5 and  8 for the  lowest and h ighest doses, respectively, 
from th a t  of the  unannealed  reference sam ple. Moreover, there  is a  continuous decrease in  
sheet resistance w ith  increasing anneal tem pera tu re  up  to 250°C.
F igure 6.4 shows tem pera tu re  dependence of the  sheet resistance  of the  silicides 
formed using  chrom ium  and silicon im plan tations through chrom ium  in to  a-Si:H a t  150 
keV. We observe th a t, w hilst the  sheet resistance value decreases w ith  increasing  ion dose 
a t  room tem peratu re , a t 200°C and above the  effect of ion dose is no t so significant. The 
sheet resistance values of the  unannealed  sam ples following recoil im p lan ta tion  using 
m etal ion of 2 x l0 14 Cr cm*2 and  in e rt ion 2 .5 x l0 14 Si cm*2 are  2 kQ □ 1 and  2.4 kQ D*1, 
respectively. Bom bardm ent w ith  in e rt ions is an efficient way of in troducing recoiled 
chrom ium  atom s and  a t  the  h ighest doses used in  recoil im plantation, the  sheet resistance 
for m etal ion recoiled im planted  sam ple is about 1.2 tim es lower th a n  th a t  w ith  in e rt ion 
im plantation.
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F ig u re  6.3 Sheet resistance  of Mo silicides w ith  and  w ithout Mo ion im plan ta tion  a t 
150 keV th rough  600 A of Mo as a  function of anneal tem perature . The sheet resistance of 
the  Mo silicide is reduced as th e  dose of Mo ions increases.
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F ig u re  6.4 The tem pera tu re  dependence of the  sheet resistances of chrom ium  silicide 
sam ples w ith  and w ithout chrom ium  or silicon recoil im plan tation  w ith  various doses. The 
sheet resistance decreases w ith  increasing ion dose.
137 Silicide Form ation
In  order to investigate the  effect of recoiling atom s from a m etal film  of different 
th ickness on th e  silicide form ation, recoil im planted  layers were m ade using  chrom ium  
through  600 A and  250 A chrom ium  films. The num ber of ions incident on the  ta rg e t is the  
sam e in  both cases. The m easured  sheet resistance values are  p lotted  against anneal 
tem pera tu re , as shown in  figure 6.5. The d a ta  tak en  from the  sam ples w ith  layers 
im planted  th rough  chrom ium  film  of th ickness 250 A are  denoted by th e  open symbols (e.g. 
□ , A, etc.), w hereas the  solid symbols (e.g. a, a , etc) are  those w ith  layers im planted  through 
600 A chrom ium  films. I t  can be seen th a t  the  sheet resistance reduces w ith  increasing 
dose for both  th icknesses of chrom ium  films. I t  is, however, note-w orthy th a t  for all doses 
shown, th e  num ber of recoiled atom s in to  the  a-Si:H can be seen to be dependent on the 
chrom ium  film thickness, w ith  the  resistiv ities m easured from th e  sam ples w ith  250 A 
chrom ium  are  lower th a n  those w ith  th icker film  of 600 A. This resu lt suggests th a t  the  
num ber of recoiling atom s from the  250 A Cr film  which crosses th e  interface and  become 
im planted  in  the  a-Si:H is m ore th a n  th a t  from the  600 A Cr film. This probably arises as 
the  600 A Cr film  is m uch deeper th a n  th e  250 A Cr film, the  d istribu tion  of recoils will 
extend to a  relatively  sm aller distance in to  the  a~Si:H layer.
In  addition to th e  norm ally used dose ra te  of 100 pA, th e re  are  m easurem ents 
tak en  from sam ples after bom bardm ent w ith  1 .5x l014 Cr cm*2 using  a  lower dose ra te  of 50 
pA. From  the  sim ilarity  of the  sheet resistance values obtained for th e  d ifferent dose ra tes, 
it  is shown th a t  the  resistiv ities is insensitive to the  ion beam  cu rren t density.
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F ig u re  6.5 Sheet resistance of chrom ium  silicide w ith  and  w ithou t chrom ium  
bom bardm ents of 250 A and  600 A chrom ium  films as a  function of anneal tem peratu re . 
The open symbols are  the  d a ta  m easured  from th e  sam ples w ith  250 A chrom ium  films and 
the  solid symbols are  those w ith  600 A chrom ium  films.
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6 .3  D i s c u s s i o n  a n d  A n a l y s i s
By using low energy d irect im p lan ta tion  for various n eu tra l and dopant ions, i t  h as  
been shown th a t  the  silicide grow th ra te  is insensitive to the  am ount of dam age in  the  a- 
Si:H, see figures 6.1 and 6.2. A lthough there  are  some differences in  the  sheet resistances 
obtained for the  un im plan ted  and im planted  sam ples w ithout annealing, after they  have 
annealed  a t 200°C the  sheet resistances are  very  sim ilar, w ith in  experim ental error, even 
for DPA’s as high as 0.76 for 2 x l0 14 Xe. Ion bom bardm ent should have two m ain  effects 
[101,102]. F irstly , it  should b reak  existing Si-Si bonds and th u s  increase the  native or 
doping-induced dangling bond density. Secondly, it  should increase the  num ber of 
d istorted  Si-Si bonds and th u s  w iden the  U rbach tails. These resu lts  suggest th a t  
dam aging the a-Si:H w ith  a wide range of various ions (dopant and  inert) does not m ake a 
m ajor difference to silicide form ation. We can therefore deduce that:
(i) the  increase in  bond angle and  bond leng th  d isorder does not affect the  ra te  of 
silicide growth,
(ii) the  increase concentration of charged silicon dangling bond defects does not affect 
ra te  of silicide grow th and
(iii) the  increase in  doping level does not affect the  ra te  of silicide growth.
From  the  sheet resistance  resu lts  obtained using  high energy im plantation  th rough  
the  m etal layer, it  h as  been found th a t  the  silicide sheet resistance decreases w ith  
increasing ion dose even w ith  no annealing  (figures 6.3 to 6.5). These resu lts  suggest th a t  
there  is a  significant increase in  th e  silicide grow th ra te  w hen we im plan t atom s through 
the  m etal layer. This could e ither be due to recoil im plan tation  of m etal atom s from the 
film or to rad ia tion  enhanced diffusion. In  order to determ ine the  cause of enhancem ent in  
th e  sheet resistance, we will provide an  analysis of the  resu lts  based on both TRIM  
sim ulation  and RBS m easurem ent.
Table 6.1 p resen ts th e  sheet resistance (Ps ) determ ined using  a four-point probe 
and  th e ir  corresponding resu lts  obtained from RBS m easurem ent (see section 3.3.5) 
together w ith  TRIM sim ulation  calculations (see section 2.4). The surface density  (Ns)
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shown in  the  table was m easured  using  RBS. The m easured  recoil yields were calculated 
by tak in g  the  ratio  of the  re ta in ed  density  of m etal (RBS m easurem ent, surface density  Ns) 
to the  ion dose in  the  a-Si:H.
For example, for a Cr bom bardm ent of Cr film of thiclm ess 250 A, shown in table
6.1 as Cr/Cr (250 A), the  m easured  recoil yield is:
(5 - 0.1) x 1015 + (1 x 1014) = 49.
The sim ulated  recoil yields and  the  DPA values were calculated from sim ulations 
perform ed using TRIM. The sim ulated  recoil yields were determ ined  by calculating the 
ra tio  of th e  re ta ined  density  of m eta l (by in tegration  of the  recoiled m etal atom s from the  
surface of a-Si:H) to the  ion dose. The DPA values were obtained by m ultiplying the  ion 
dose w ith  the  num ber of collisional d isplacem ents per ion per u n it dep th  (sim ulated from 
TRIM) and dividing by th e  atom ic density  of th e  m aterial.
T a b le  6.1 A sum m ary of resu lts  of sheet resistance and th e ir  corresponding recoil 
yields obtained from RBS m easurem en t and TRIM sim ulation for a  dose of lx lO 14 ions cm*2 
a t 150 keV through various th icknesses of m etals.
Io n  /  T h in  film  
(T h ic k n e ss)
ps 
(Q □ -1) (a to m s  cm*2)
R e c o il Y ie ld D P A  a t  
I n te r fa c eM e a s u re d S im u la te d
C r / C r  (250 A) 1670 5 .0 x l0 15 49 2.1 0.3
C r /  C r (600 A) 2800 4 .7 x l0 15 46 1.9 0.2
S i / C r  (600 A) 3390 4 .3 x l0 15 43 1.1 0.1
M o /M o  (600 A) 3642 7 .0 x l0 15 69 2.0 0.03
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By dividing the  m easured  num ber of m etal atom s in  the  silicide by the  ion dose, we 
obtain ra tio s of 46, 49, 43 and  69 atom s per incident ion for Cr th rough  250 A Cr, Cr 
through  600 A of Cr, Si th rough  600 A of Cr and Mo through 600 A of Mo, respectively. 
These resu lts  are  sum m arised  in  tab le  6.1. A comparison betw een the  m easured  recoil 
yields w ith  those of the  sim ulated  yields shows th a t  these resu lts  do not agree w ith  each 
o ther and  th u s  suggesting th a t  the  enhanced silicidation cannot be explained by recoil 
im plantation.
I t  is w orth  now to consider an  a lte rna tive  explanation based on rad ia tion  enhanced 
diffusion. By com paring th e  DPA values for the  different Cr th icknesses, however, does 
show the  rig h t trends.
Im purity  diffusion in  crystals, a t  lea s t for m ost electrieally-active dopants in  
sem iconductors, is believed to be by in teraction  betw een vacancies and  substitu tional 
im purity  atom s. W hen a crysta l is subjected to ionizing rad iation , additional vacancies and 
in te rs titia ls  a re  generated , in  concentrations which m ay far exceed those produced 
therm ally . These excess vacancies m ay therefore enhance the  ra te  of diffusion, particu larly  
a t relatively  low tem pera tu res. Several groups [106-108] have indicated  th a t  a rad iation  
enhanced diffusion m ay be explained by the  generation and  diffusion of vacancies and 
in te rstitia ls  created  during  irrad ia tion  w ith  energetic protons or electrons, in  which case 
the  im purity  atom s m ay have been previously introduced by diffusion or by im plantation. 
U nder norm al conditions therm ally  activated  diffusion is controlled by an  activation 
energy which is the  sum  of a  form ation energy and an  activation energy for m igration. 
However, u nder the  p a rticu la r conditions of irrad ia tion  both vacancies and  in te rs titia ls  are 
created  continually  and  th e ir  diffusion will depend only on the  activation energies for th e ir 
m igration. Thus, provided there  is sufficient therm al energy to m ain ta in  m igration, bu t 
not to allow defect form ation, diffusion during  irrad ia tion  will be controlled p rim arily  by 
the  production of rad ia tion  dam age and  is therefore lim ited by the  dam age ra te . Hence, ion 
im plan ta tion  a t  tem pera tu res  below the  irrad ia tion  enhanced diffusion coefficient values, 
will provide substitu tiona l enhanced diffusion of the  im planted species in  all m ateria ls  a t  a 
tem pera tu re  which would norm ally  not support significant therm ally  activated  diffusion.
As a consequence, due to rad ia tion  dam age, a h igh concentration of in te rstitia ls  
and vacancies, is created in  the  am orphous silicon. Therefore, the  diffusion process from
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the  interface m ay be enhanced w ith  the  presence of dam age generated  during
bom bardm ent. The h igher th e  DPA the  larger th e  enhanced diffusion.
I t  is expected th a t  the  sheet resistance decreases w ith  increasing  surface 
concentrations of Cr and  Mo, th a t  is [103]:
*  K w . < 5 - x )
w here N s - N R + N B and  —  = —  + —
Ps Pr Pb
Ps : Sheet resistance of sam ples (in u n it of Q □+) and 
N s: Total surface concentration (in u n it of atom s cn r2)
N r : Reference surface concentration of an  as-grown sam ple (in u n it of atom s cm*2) 
N b: Bom barded surface concentration (in u n it of atom s cm '2)
PR: Reference sheet resistance of as-grown sam ples (in u n it of Q □+) and  
PR: B om barded sheet resistance  of sam ples (in u n it of <T2 □+)
 - x K ( N s - N r )  (6.2)
Ps P r
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I t  follows from equation  (6.2) th a t, by p lo tting  the  inverse sheet resistance against 
the  density  of m etal atom s in  th e  silicide, i t  is possible to verify the  linear rela tionship  by 
checking for a  linear dependence on th is  graph. These resu lts  w ere plotted  in  figure 6.6 
from which a  s tra ig h t line plot can indeed be obtained. The linea r fit th rough  the da ta  
points of the  Si and Cr im planted  sam ples is given by:
—  = 8.5xl0-20 N b + 3 .75xl0 '5 (6.3)
Pb
Sim ilarly, for m olybdenum  im plan tation , th e  linear fit th rough  the  d a ta  points of 
th e  Mo im planted sam ples can be w ritten  as:
—  = 2.61xlO-20 N b + 2.6x10-° (6.4)
Pb
From  the  above analysis, i t  can therefore be concluded th a t  the  enhanced silicide 
form ation occurs v ia a  rad ia tio n  enhanced diffusion effect. In  w h a t follows the  resu lts  
obtained are  discussed w ith  reference to the  findings of o ther au thors.
In  a  study  by K ovsarian  [100], it  h as  been shown th a t  am orphous chrom ium  
disilicide a-CrSi2 layer is form ed by a reaction betw een C r and a-Si:H a t tem pera tu re  
below 300°C and  th a t  th e  resu ltin g  th ickness of the  silicide layer is 40 ± 5 A. By 
m ultip ly ing the  sheet resistance  w ith  th e  th ickness of Cr of 40 ± 5 A we are  able to obtain 
the  resistiv ity  of the  m etal silicide. In  th e  calculations of am orphous CrSi2 and am orphous 
m olybdenum  disilicide a-MoSi2, we assum e th a t  both silicides have th e  sam e thickness of 
40 ± 5 A and  obtain the  resistiv ities of 668 ± 84 pQ cm and 1457 ± 182 pQ cm, respectively.
Table 6.2 gives a  com parison of the  resistiv ities of am orphous CrSi2 and am orphous 
MoSi2 formed a t room tem p era tu re  obtained from th is  study  w ith  those obtained by 
M urarka  et al. [104] and K ovsarian [100]. M urarka  et al. [104] stud ied  silicide form ation 
using  Cr on polysilicon a t  a  tem p era tu re  of 300°C and produced a resistiv ity  which, w ith in  
experim ental error, is identical to th a t  w hich we obtained in  th is  work. In  addition, they  
also studied the  form ation of silicide using  Mo on polysilicon a t  a h igher tem pera tu re  of
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5/ 150 keV
j □ Cr on 600 A Cr
/ O  Cr on 250 A Cr
/  A  Si on 600 A Cr
/ H Mo on 600 A Mo
A  /
F ig u r e  6.6 A plot of the  inverse sheet resistance versus the  density  of m etal atom s in  
the  silicide. A linear rela tionsh ip  is obtained from th is  plot a fte r the  background has been 
subtracted .
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1100°C The resistiv ity  value they  reported  for MoSi2is about 16 tim es lower th a n  th e  value 
obtained in  th is  study. This difference could e ithe r be the resu lt of th e  different annealing  
tem p era tu res  or the  resu lt of d ifferent grow th technique for th e  two different m ateria ls. 
The o ther da ta , shown in  th e  tab le  6.2, are  from a diffusion study  of am orphous silicide 
form ation by K ovsarian [100]. In  h is  work, he  obtained the  resistiv ities of about 600 pQ cm 
and  1000 pQ cm for am orphous C rSi2 and  am orphous MoSi2, respectively, a t  tem pera tu res 
below 300°C. Because of the  sm all differences in  the  absolute values of resistiv ities 
determ ined, i t  is suggested th a t  th e  resu lts  obtained from th is  study  and  from his study  
differ only through experim ental un certa in ty  due to random  error.
T a b le  6.2 A com parison of resis tiv ities  of CrSi2 and MoSi2 obtained from th is  work 
w ith  those taken  from K ovsarian [100] and  M urarka  et al. [104],
R e fe re n c e S ilic id e M e th o d T e m p e r a tu r e R e s is t iv ity
This W ork
CrSi2
(Amorphous)
Cr im p lan ta tion  through 
C r i n t o  a-Si:H
~23°C -668  pQ cm
MoSi2
(Amorphous)
Mo im plan ta tion  through 
M o i n t o  a-Si:H
~23°C -1457 pQ cm
K ovsarian
[100]
CrSi2
(Amorphous)
Diffusion of Cr w ith 
a-Si:H
below 300°C -600 pQ cm
MoSi2
(Amorphous)
Diffusion of Mo w ith  
a-Si:H
below 300°C -1000 pQ cm
M urarka  
et al. [104]
CrSi2
Diffusion of Cr w ith  
polysilicon
700°C -600 pQ cm
MoSi2
Diffusion of Mo w ith 
polysilicon, cosputtered
1100°C -90  pQ cm
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6 .4  C o n c l u s i o n s
From  th e  sim ilarities of the  sheet resis tances for the  unim plan ted  and  im planted  
sam ples using  low energy direct im p lan ta tion  a t the  interface, the  silicide grow th ra te  was 
found to be independent of dopant or in e rt ion im plantation .
I t  has  been shown th a t  highly conducting silicides can be formed by bom barding a 
m etal film  on th e  surface of hydrogenated am orphous silicon using  low dose of ions a t room 
tem pera tu re . H ere we proposed a lin ea r rela tionsh ip  betw een the  surface density  and  the  
sheet resistance  th a t  can account for the  large enhancem ent of the  silicidation process. The 
rela tionsh ip  suggests th a t  it  is a  dam age induced process sim ilar to rad ia tion  enhanced 
diffusion from the  interface th a t is responsible for th is behaviour and not recoil im plan tation  
of atom s knocked out of the  m etal film. In  conclusion, m etal silicides have been formed in 
am orphous silicon a t low tem pera tu res using processes th a t  involve ion im plantation .
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C h a p t e r  7  
C o n c l u s i o n s  a n d  F u r t h e r  W o r k
This thesis p resen ts  the  resu lts  of a study  of the  effect of annealing  on the  ion 
dam age recovery, the  m odification of b a rrie r  he igh t using low energy im plan tation , and 
form ation of silicides using  ion im plan ta tion  in  a-Si:H films. The m ajor conclusions of th is  
work are sum m arised as follows:
© The electrical properties of Schottky barriers  were used to dem onstrate  rem oval of ion 
dam age is possible.
® I t  has  been shown th a t  the  b a rrie r  he igh t of a  m etal Schottky diode on a-Si:H can be 
modified over a wide range by ion im plan ta tion  and annealing.
® A m ethod of form ing very th in  films of CrSi2 and  MoSi2 has  been developed using  ion 
im plantation.
By th e  use of current-voltage m easurem ents, it  is possible to determ ine if  ion 
dam age can be rem oved following therm al trea tm en ts  a t  various tem pera tu res. I t  has been 
shown th a t  the  reverse cu rren t characteristic  sa tu ra ted  a t a  sm all b ias voltage ( -0 .1  V)
and the  ideality  factor rem ained  com parable to th a t  of the  reference sam ple following a 
250°C anneal. The ex ten t to which im plan ta tion  dam age can be rem oved by annealing  is 
dependent on the  im p lan ta tion  dose used. I t  w as shown th a t  a fte r annealing  above 300°C, 
the  current-voltage characteristic  was degraded w ith  an  ideality  factor of g rea ter th a n  1.7 
and a lower forw ard sa tu ra tio n  cu rren t as com pared w ith  th a t  of the  reference. These 
la tte r  resu lts  suggested th a t  the  degradation m ay be caused by th e  form ation of silicon 
dangling bonds, given th a t  the  anneals were carried  out above the  grow th tem pera tu re  
(250°®. From  th e  com bination of these  resu lts , we concluded th a t  a  250°C anneal removes 
the  ion dam age induced during  im plan ta tion  provided the  num ber of displacem ents per 
atom  (D.P.A) a t  the  interface is less th a n  5 x l0 '3. I t  would be w orth a ttem p ting  to look into 
the  effect of an  in term edia te  tem pera tu re  (275°C) to verify the  optim um  tem pera tu re  for 
dam age recovery.
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Doping of a  shallow surface layer of am orphous silicon h as  a  role in  tailoring  the  
b a rr ie r  he igh t of a  Schottky diode. A decrease (or increase) in  b a rr ie r  h e igh t of a  Schottky 
diode is effected by using  th is layer, the  doping of which is the  sam e (or opposite) to th a t  in  
the  substra te . Experim ents on the  effect of low energy dopant atom s on b a rrie r  height 
showed th a t  th ere  is clear dependence of b a rrie r  height on ion dose w ith  an  increase in  
b a rr ie r  he igh t for p-type im plants and  a decrease for n-type im plan ts, respectively. W hile 
the  efficiency of p-type im plan ta tion  is low, n-type im plan tation  w as found to provide 
reproducible control of the  effective b a rr ie r  h e igh t over a  wide range of 0.04 V to 0.2 V and 
produce h igh  electrical activity for doses up  to lx lO 13 atom s cm-2. The significant reduction 
in  the  efficiency electrical activity  th a t  can be observed w ith  donor doping is consistent 
w ith  th e  square-root dependence on doping concentration and  is hence in  qualitative 
agreem ent w ith  th e  theory of substitu tiona l doping after S tree t [14], in  which, w ith  
form ation of one active dopant th ere  is a  creation of one silicon dangling  bond defect. I t  is 
therefore suggested th a t  the  reduction in  electrical activity m ay be due to the  form ation of 
silicon dangling bonds defect. A lternatively , as the  energy betw een th e  conduction band 
and  th e  Ferm i level in  a-Si:H is -0 .7  eV, any  b a rr ie r  changes g rea te r th a n  0.2 eV can be 
a ttr ib u ted  to a  bu lk  effect and hence th is  bu lk  effect m ust also be tak e n  in  account.
This observation th a t  shallow  dopan t im plan ts change the  effective b a rrie r  height 
has im portan t consequences because th is  effect can be used to ascerta in  the  electrical 
properties of the  corresponding shallow  layers. In  particu lar, m easu rem en ts will tell us 
w hat k inds of devices could benefit from  shallow  dopant im plants and  w hich dopants are 
the  m ost stable. An in te resting  extension of th is  study  would be th e  b a rrie r  height 
m odification of Schottky diode on o ther m ate ria l system s such as am orphous silicon 
carbide so as to ju stify  and  com plem ent th e  capability  of controlling th e ir  effective barriers  
using  low energy im plantation. In  addition, fu rth e r  work on investigating  different m etals, 
for exam ple, pallad ium , p latinum , and  gold, for h igh m etal w ork functions a t the  interface 
of a-Si:H is suggested to allow fu rth e r inferences to be m ade in  these  m ate ria l system s.
The fact th a t  we observed an  increase in  b a rrie r  he igh t for th e  p-type dopant 
suggests th a t  fu rth e r research  into acceptor efficient doping could be perform ed in  order to 
obtain p-type am orphous silicon th a t  could give a reproducible, h igh b a rr ie r  w ith  good J-V  
characteristic .
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We have discovered th a t  highly conducting silicides can be form ed by bom barding a 
m etal film on th e  surface of am orphous silicon w ith  a low dose of ions a t  room  tem peratu re . 
The considerable enhancem ent of the  silicidation process suggests th a t  it  is a  dam age 
induced process sim ilar to radiation enhanced diffusion from the interface th a t is responsible 
for th is  behaviour ra th e r  th an  recoil im plan tation  of atom s knocked out of the  m etal film.
From  the  above prom ising resu lts  i t  is obvious th a t  a m ore detailed  assessm ent is 
needed for the  rela tionship  betw een the  enhanced diffusion effect and  D.P.A. a t the  
interface. The effect is so strong  th a t  i t  m ight also be possible to form  silicides in  silicon 
alloys such as silicon n itride  used in  th in  film  tran s is to r (T.F.T) displays.
In teresting ly , if  the  a-Si:H layer is bom barded before th e  m etal layer is deposited 
as is the  case in  these  experim ents th en  there  does not seem  to be any enhanced 
silicidation effects and  the  growth ra te  of the  silicide is sim ilar to th a t  of a n  unbom barded 
sample.
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A p p e n d i x  A
L i s t  o f  S y m b o l s
S ym bo l D e s c r ip t io n U n it
T Absolute tem pera tu re K
a-Si Am orphous silicon -
Tb B arrie r he igh t relative to band  edge V
<t> B arrie r he igh t relative to Ferm i level V
k B oltzm ann constan t J K -1
Vd B uilt in  b a rrie r  potential V
J C urren t density A cm_2
£ Dielectric constan t of sem iconductor -
j>B Effective b a rrie r  heigh t V
a Effective tunnelling  distance A
E q Electric field a t surface of semiconductor V cm'1
r Electrical activity  of im planted  layer -
Ec Energy of conduction band edge eV
Ey Energy of Ferm i level eV
Ey Energy of valence band edge eV
a-Si:H H ydrogenated am orphous silicon -
D Im plan ted  dose atom s cm*2
Q Ohm Q
£o P erm ittiv ity  in  vacuum F  cm*1
-Rp Projected ion range A
Ps Sheet resistance Q C3-1
t Thickness of surface layer A
W W idth of depletion layer A
<kt W ork function of m etal V
157 L ist of Symbols
A p p e n d i x  B
Physical Constants
B o ltz m a n n ’s c o n s ta n t k =  1.38 x lO -23 J K +  i
= 8.62 x lO '5 eV K *1
E le c tr o n ic  c h a rg e  (m a g n itu d e ) Q = 1.60 x lO -19 C
P la n c k ’s  c o n s ta n t h = 6.63 x  10-34 J -s
= 4.14 x  10-15 eV -s
R oom  te m p e r a tu r e  v a lu e  o f  k T k T = 2.59 x 10"2 e V  J
S p e e d  o f  l ig h t c = 2.998 x lO 10 cm  s+
l A = 10-8 cm
1 p m = 10~4 cm
1 n m = 10"7 cm
l e V = 1.6 x lO "19 J
Prefixes:
m illi- , m - = 10-3
m icro-, P- = 10“6
n a n o -, n - = 10-9 |
T h e  v a lu e s  o f  p h y s ic a l c o n s ta n ts  g iv e n  ab o v e  a re  su ff ic ie n t ly  p r e c is e  for th e  
c a lc u la t io n s  in  th is  th e s is .  In  fa c t , t h e s e  v a lu e s  a r e  k n o w n  w ith  a  fr a c t io n a l error o f  10~6 or 
le s s ,  a p a r t  fro m  th e  B o ltz m a n n ’s  c o n s ta n t  w h e r e  a  g r e a te r  fr a c tio n a l error  o f  1 0 “5 is  fou n d . 
A  l i s t  o f  th e  v a lu e s  o f  t h e  p h y s ic a l c o n s ta n ts  m e a s u r e m e n ts  h a s  b e e n  p r e p a r e d  b y  C o h e n  
a n d  T a y lo r  [105].
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Appendix C
Correction Factors for Four-Point Probe Measurement
Ratio of Correction factor (CF) for various values of a/d.
d/s a/d = 1 a/d 5= 2 a/d = 3 is1
1.00 - - 0.9988 0.9994
1.25 - - 1.2467 1.2248
1.50 - 1.4788 1.4893 1.4893
1.75 - 1.7196 1.7238 1.7238
2.00 - 1.9454 1.9475 1.9475
2.50 - 2.3532 2.3541 2.3541
3.00 2.4575 2.7000 2.7005 2.7005
4.00 3.1137 3.2246 3.2248 3.2248
5.00 3.5098 3.5749 3.5750 3.5750
7.50 4.0095 4.0361 4.0362 4.0362
10.0 4.2209 4.2357 4.2357 4.2357
15.0 4.3882 4.3947 4.3947 4.3947
20.0 4.4516 4.4553 4.4553 4.4553
40.0 4.5120 4.5129 4.5129 4.5129
oo 4.5324 4.5324 4.5324 4.5324
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M .K . C h a i, J .M . S h a n n o n  an d  B .J . S e a ly .
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